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This study is focused on the fabrication of plasma polymerized ultrathin films and the 
elucidation of their unique properties with an emphasis on the solvent-less, dry 
polymerization process to introduce post-deposition functionality, robustness, and shape 
preservation.  Two major classes of materials are the subject of this study: biological 
monomers, specifically the amino acids tyrosine and histidine and synthetic organic and 
inorganic monomers including acrylonitrile, 2-hydroxyethyl methacrylate, N-
isopropylacrylamide, titanium isopropoxide and ferrocene.  The unique chemical and 
physical properties of highly cross-linked ultrathin plasma polymerized amino acid and 
synthetic polymer films are demonstrated along with their functional response and 
robustness on both planar and complex surface structures.  The work emphasizes the 
facile ability of plasma polymerization to create unique, tailored ultrathin coatings. 
 
Chemical functionality retention (OH, NH2) of the tyrosine and histidine amino acids is 
demonstrated by the subsequent mineralization of gold or titania nanoparticles on the 
plasma polymerized ultrathin films using a wet chemical approach.  Inorganic 
nanoparticle mineralization is further investigated as a method to modify the optical 
properties of composite nanocoatings.  Plasma co-polymerization of tyrosine and 
synthetic monomers is used to create nanocomposite coatings with unique surface 
functionalities, responsive behavior, optical characteristics and a high level of integration 
between monomers.  The fabrication of novel plasma polymerized Janus microspheres, 
micropatterned substrates and free-standing films also demonstrate numerous plasma 
polymerized materials which exhibit unique structural properties.  Overall, facile plasma 
polymerization of novel, functional ultrathin films and complex topological coatings 
having potential biocompatible and optical applications is established. 
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Polymeric and soft matter ultrathin films deposited through different vacuum coating 
techniques have been an area of increasing interest as these materials are adapted for 
use in surface modification, sensing, optical, electronic, photonic, responsive and 
biological applications.1,2,3,4,5,6  Chemical vapor deposition (CVD) is a versatile method 
for fabricating thin films of many different materials using a vapor phase polymerization 
reaction, which virtually eliminates the need for and challenges associated with wet 
chemical synthesis of thin films on various surfaces.7  These types of CVD coating 
methods are easily and uniformly applied to many different micro- and nano-scale 
surfaces, which require unique surface modifications and are difficult to achieve through 
other means due to synthetic mechanisms, wetting and agglomeration problems or 
substrate incompatibility.  CVD techniques have traditionally been applied to inorganic 
materials in the semiconductor industry and more recently to carbon structures such as 
carbon nanotubes and graphene.8,9,10,11  Many different methods of CVD exist, but all 
rely on the use of a vacuum system and vaporization of the monomer species for 
deposition onto the target surface.12  CVD offers a facile method to overcome many 
surface coating issues (grafting, adhesion, film density, uniformity) while providing 
conformal, uniform coverage in a single, dry chemical fabrication step. 
 
The origins of polymeric CVD work are traced back to work by Gorham where the 
polymerization of poly-p-xylylene was investigated under heating in vacuum.13  This work 
established the basis for much of the future CVD polymerization work by demonstrating 
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how a monomer can become reactive through heating, as in this case, and form long 
chains with other reactive molecules.  However, the heat required for such cleavage and 
reactive species formation was in excess of 600ºC, a temperature which would be 
destructive to many monomers, thus limiting the general applicability of this method.  
This early example of CVD did however establish a general model and the principles for 
how two active species can combine with others in a rapid step-growth type reaction to 
form a thin film on a target substrate.  For more widely applicable depositions of a 
broader range of materials, other methods of creating vaporized reactive species have 
been explored at much lower, and even at room temperatures. 
 
CVD methods have been widely used to polymerize materials directly on a variety of 
surfaces.7,12,14,15,16  CVD processes have been designed to allow organic monomers to 
undergo in situ polymerization during the deposition process resulting in a stable film of 
polymerized material on the surface.  Polymerization is initiated by a range of different 
stimuli including RF plasma initiation (PECVD), introduction of a vaporized chemical 
initiator (iCVD), photoinitiation (piCVD), oxidative (oCVD), hot-wire (HWCVD) and 
physical vapor deposition (Table 1.1).17,18,19,20,21,22,23,24,25,26,27  Many methods have been 
studied which seek to provide a better means of facilitating formation of soft matter thin 
films and each deposition method has the effect of creating a polymerized film on a 
target substrate with different variations in the cross-linking density and morphology 
depending on the CVD method used and the reaction mechanisms.28  This leads to films 
with a wide range of unique surface properties that can be tailored for many specialized 
applications.  These types of different CVD methods have all been employed for use in 
the fabrication of soft matter thin films with different polymers covering a wide range of 
chemistries and applications.  Each system presents a unique set of advantages and 
drawbacks making them uniquely suited for a specific process, but no broad, 
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overarching technique is currently available which adequately addresses every 
processing issue to the extent which would allow universal applicability to every 
scenario. 
 
Table 1.1:  Compilation of common thin film fabrication techniques7 




Physical vapor deposition process 
where monomer and adsorbed on 
surface, may require surface 
modification for adhesion/growth 
Material is physically deposited on a 
surface.  Surface initiator may be 
needed to ensure grafting. Post 




Any process whereby a monomer is 
vaporized, undergoes a chemical 
reaction/interaction and is adsorbed 
on a surface in a chemically altered 
state. 
Widely used in microelectronic 
fabrication for inorganic material 
deposition. Readily adapted for use 
with organic monomers under varying 
levels of vacuum 
Plasma 
Enhanced CVD 
Use of RF plasma in continuous 
wave or pulsed modes to radicalize 
a monomer allowing it to undergo a 
rapid chemical reaction in a single 
step uniformly coating a surface at 
low temperatures 
Highly cross-linked, uniform, robust 
films with good surface adhesion.  Can 
suffer from high internal stresses which 
cause film delamination. Compatible 
with solid, liquid and gas monomers 
Initiated CVD Use of a chemical initiator vaporized 
simultaneously with the monomer to 
initiate chemical reaction/chain 
formation via radicals.  Activated by 
UV light or heat 
Films show high deposition rate and 
high functional group retention. Uses a 
chemical initiator to begin 
polymerization and an additional cross-
linking agent. 
Oxidative CVD Use of an oxidizing agent vaporized 
simultaneously with the monomer to 
induce reaction 
Used in the deposition of conductive 
monomers and show high 
conductivities 
Hot-wire CVD Heated filament wire used to activate 
a monomer, usually through 
decomposition 
Lacks use of chemical initiator. Heating 
of input gases decomposes them to a 
state where they become reactive. 
 
A key advantage of several of these processes is the retention of specific chemical 
functionalities, which allow the construction of chemically tailored surfaces and 
interfaces that can be designed for specific interactive, detection and responsive 
applications.  Controlling the surface chemistry, chemical cross-linking, and functional 
group retention allows the design of films tailored for specific uses.  The primary focus of 
the work in this dissertation is centered on the use of the plasma enhanced CVD 
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(PECVD) method for fabricating functional thin films on complex surfaces.  Plasma 
polymerized films can be constructed from a wide range of monomers for many different 
applications ranging from sensors to implant coatings to optical modifying agents to 
biofunctional films.1,14,23,29,30,31,32,33,34 
 
Other examples of physical vapor depositions based on monomer heating have also 
been studied with different materials, including some amino acids, but these 
demonstrations typically require a surface modification of the substrate with an initiator 
or a specific substrate to be used in order to allow the reaction to progress.35,36  While 
some studies of physically vapor deposited amino acids have been carried out and 
analyzed, they have tended to show large structural formations such as nanotubes and 
other features formed by the monomers during the deposition.37,38  These types of amino 
acid nanotubes are not an entirely unique phenomena of vapor deposition as examples 
of their formation have been documented through the use of wet chemical means.39  The 
use of a more uniform coating technique such as PECVD has not been explored in detail 
to assess the functionality of amino acid films as biomineralization agents and surface 
modification agents on 2D and 3D surfaces.  While there are many different methods 
which are viable for the surface deposition and polymerization of many monomers, this 
dissertation work will focus primarily on those systems created by PECVD. 
 
1.1.1 Plasma Enhanced Chemical Vapor Deposition 
PECVD is a specific form of CVD which has been adapted from its common use to 
deposit dielectrics to successfully deposit a wide range of monomers covering many 
common polymers, ranging from styrene, acrylonitrile and benzene to responsive 
materials such as poly(2-vinyl pyridine) and poly(N-isopropylacrylamide) to functional 
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amino acids.40,41,42,43,44,45,46,47,48  PECVD represents a versatile “dry” chemistry fabrication 
method which is capable of utilizing precursors in solid, liquid or gas form for facile, rapid 
and solvent free fabrication of ultrathin coatings for use in many systems (Figure 
1.1).29,49,50,51,52  There is a growing interest in the deposition of biological molecules via 
PECVD which can potentially be used to enhance surface functionalities and structures 
for cell viability and can also help to bridge the interface between inorganic and 
biological components of integrated systems and biomedical applications.14,31,36,53,54,55,56 
 
PECVD relies on using a radio frequency (RF) plasma generated at 13.56 MHz at room 
temperature, to induce radicalization of monomer species in the reaction chamber.  
While several methods can be used to generate plasma in a low-pressure chamber 
including electron cyclotron resonance, inductive coupling and capacitive coupling, the 
configuration used in this work is a capacitively coupled parallel plate configuration with 
the substrate placed downstream, perpendicular to the plasma stream.18  The substrates 
can either be immersed directly in the plasma (i.e. between the parallel plates) or placed 
Figure 1.1:  Representative image of PECVD deposited film of histidine coating a 50 
mm silicon wafer. 
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outside of the plasma (downstream).  The plasma excitation and radicalization of the 
carrier gas and vapor phase monomer gives the excited species the opportunity to react 
with any surface in the plasma chamber, forming a film through two basic steps: 
formation of a radical or reactive species and propagation of the polymer chain or 
network.  PECVD itself has several varieties including flowing afterglow, plasma zone 
and pulsed plasma deposition, which further offer different deposition regimes for 
coatings.  A major concern in all plasma work is the integrity of the monomer as it is 
being exposed to the plasma.  Direct influx of the monomer into the plasma zone has a 
high probability of causing large scale destruction to the monomer.  By “softening” the 
radicalization, either through the use of a plasma pulsing regime or introducing the 
monomer downstream of the plasma zone (flowing afterglow), many monomers are able 
to be deposited with greater stability and with excellent retention of the monomeric 
chemistry and functionality.57  With less applied power, the monomers are still 
radicalized on certain functional groups, but generally do not undergo full-scale alteration 
or destruction of the monomer.  This type of radicalization makes PECVD a versatile and 
“gentle” deposition technique in the same class as iCVD or oCVD, two other widely used 
polymerization methods.  As no solvents are used and the reactions are carried out at 
low applied powers and substrate temperatures, the process is considered to be 
amenable to a wide range of monomers.  Since the plasma radicalization process is 
non-selective, all species will undergo the reaction and adhere to the target surfaces.  
This is in contrast to other, more specialized deposition techniques which may rely on a 
specific chemical initiator in the reaction which is not as universal in nature as the 
plasma. 
 
While the plasma polymerization reactions on the surface seems to have elements of 
both a radical and step-growth polymerization scheme, the process is truly unique and is 
7 
	  
used to form polymeric films under vacuum conditions with reactive species more often 
bonding with each other, rather than with an unradicalized monomer.  This differs from 
other polymerization where a radical may be formed by an initiator and proceed to 
interact with a monomer, passing the radical along a growing chain.  Plasma 
polymerization is a method intended to prepare unique polymers (highly cross-linked 
networks) that cannot otherwise be created by alternate polymerization methods as 
opposed to a specific way of polymerizing monomers.26  These films are typically seen to 
have nonlinear, highly branched and highly cross-linked structures.  Due to the presence 
of many free radicals and the fact that chain termination is favored over chain 
propagation, this leads to many small molecular weight chains being formed and 
terminated which ultimately results in a high degree of cross-linking and networked 
structures.  Other CVD methods, such as iCVD tend to produce more linear polymer 
chains in contrast to the film structures formed via PECVD.  One feature of plasma 
deposited films is their excellent substrate adhesion.  This high adhesion allows the films 
to resist solvent treatments, mechanical wear and multiple exposures to heat, humidity 
and ambient atmosphere for long periods of time.  The surface adhesion is a result of 
the plasma stream radicalizing sites on the substrate, which act as bonding sites for the 
incident radical monomers to adhere to.  By using surface free radicals to initiate grafting 
of the monomer to the substrate, the ability of the film to remain firmly attached to the 
substrate is greatly increased. 
 
1.1.2 Plasma Chemistry 
The nature of the chemical reactions as they occur during plasma reactions is difficult to 
determine precisely owing to the fact that in situ measurements are challenging.  
However, by exerting careful control over the reaction variables such as power, 
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pressure, monomer and carrier gas flow rate, temperature and atmospheric content, 
many materials can be reliably deposited multiple times under identical conditions.  Even 
with careful control in place, PEVCD is still subject to a degree of variation and all 
conditions should be monitored as closely as possible.  While plasma polymerization 
may appear at first glance to be similar to a radicalization or step growth polymerization 
reaction, it is worth noting that it likely proceeds along a different path in part to its 
deposition under vacuum conditions. 
 
Radiation polymerization, where a monomer is ionized by exposure to radiation which 
causes the emission of an electron, is similar to the type of reaction that occurs under 
plasma conditions, but does not typically yield polymer structures when under vacuum.26  
The same type of polymerization under vacuum is seen, however, with the example of 
Parylene heating and cracking, which results in reactions between two reactive species 
to form a polymer and is much more akin to a step growth type polymerization.13,26  
Using RF plasma to generate molecular radicals is the primary means by which plasma 
polymerization begins to occur (Figure 1.2).58,59  As opposed to atomic ionization, 
molecular ionization requires less energy input to the monomer and can easily break low 
energy bonds and cause the formation of reactive, excited species.  This tends to give 
rise to many side reactions, making a defined, linear polymerization model difficult in the 
plasma reaction.   
e-­‐	  +	  Ar	  →	  Ar*	  +e-­‐ 
M	  +	  e-­‐	  →	  M*	  +	  e-­‐ 
M	  +	  Ar*	  →	  M*	  +	  Ar 
Figure 1.2:  General mechanistic reactions of plasma depositions resulting in the 




The radicals are formed both on the monomer while in the plasma stream and on the 
target substrate, especially after the film begins to deposit, enhancing the films 
adhesion.  Radical formation typically follows the example shown (Figure 1.3) where the 
monomer can either be directly radicalized in the plasma or through interaction with 
another radicalized species.  Once radicalized, the monomer can either combine with 
another radicalized monomer or transfer its radical to another monomer.  Two 
radicalized monomers can combine to form a dimer causing termination, which can 
either end the reaction or the dimer can become re-radicalized in the plasma stream.  
Due to the number of radicals in the system, there can be a significant amount that 
become trapped in the final film if they do not react before becoming completely 
encapsulated by other deposited material.  Recently, some discussion regarding the role 
various ions and gas phase reactions play in the surface polymerization has appeared in 
literature.60,61,62  Much of this work has involved the study of the possible formation of 
Figure 1.3:  Possible polymerization routes of a monomer that can occur during 
plasma polymerization.  Adapted from Yasuda.26 
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charged oligomers forming in the gas phase prior to deposition on the surfaces in 
contrast to chains only growing once monomers were attached to the substrate.  Studies 
of hexamethyl disiloxane (HMDS) have shown that under varying plasma deposition 
conditions, the flux of ions on the surface will vary and that as pressure increases, there 
is an increase of radical and neutral species in the film as measured by mass 
spectrometry and time of flight secondary ion mass spectroscopy (ToF-SIMS).63  
However, the debate over the role of surface ions in plasma systems and contributions 
of these ions to the films and their underlying mechanistic reactions continues in the 
literature.64,65,66,67,68,69 
 
The ratio of radicals to ordinary monomer has a great impact on how the film 
characteristics develop.  Controlling the radical formation is achieved through several 
means.  First, the power applied to the plasma induces radical formation and generally, 
lower power plasmas will create statistically fewer radicals.  The power setting applied to 
soft matter depositions is much lower than most industrial or inorganic depositions and 
allow the monomers tested to deposit well without dissociations of the monomer itself.  
The goal is to induce radicalization so that the monomers will react while still retaining 
their original structure and functionality.  The second factor of radical formation is 
concerned with the placement of the monomer inlet.  Monomers which flow directly 
through the plasma generating zone will also tend to radicalize more readily as opposed 
to ones introduced downstream, in the flowing afterglow of the reactor.  Flowing 
afterglow reactions also help preserve the integrity of the monomer which leads to 
greater retention of the original chemical functionalities by exposing the monomer to a 
lower intensity of power.  In addition to these considerations, other variables that are 
observed to control the plasma deposition process are the pressure of the reaction 
chamber and the flow rates of the carrier gas and monomer into the chamber as well as 
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the temperature of the chamber, substrate and monomer.  Varying these conditions can 
have a significant impact on the resulting films.   
 
1.2 Soft Matter in PECVD 
PECVD has proven to be a simple method to rapidly deposit monomers onto substrates 
in stable, robust thin films.  The fact that the system is compatible with a wide range of 
monomers lends itself well to potential future industrial applications as it can easily be 
adapted to new materials.  The use of organic molecules with PECVD is significant since 
PECVD was originally developed around inorganic chemistries for different oxides, 
nitrides, metal silicides and transition metals.8,70  It is significant that such a process was 
adapted for use with soft matter and is compatible at low temperatures and low powers.  
The ability to take a monomer and deposit it as a stable thin film on a substrate is not 
necessarily a trivial exercise with some synthesis methods requiring complex 
chemistries, harsh solvents and extensive surface modifications for molecular 
attachment.  Many of these issues are eliminated in PECVD since the plasma induces 
radicalization in the monomer and activates the substrate surface allowing the monomer 
to form a bond to the substrate and form a cross-linked film on top.  Control of cross-
linking is critical in the films to allow them to retain features such as responsiveness, 
surface activity, stability, stiffness and definition of optical characteristics, such as 
refractive index.71  With this in mind, it is seen that PECVD of soft materials is being 
applied in diverse fields from optical to biomedical applications.  In this study, monomers 
of both synthetic and biological origin are investigated. 
 
1.2.1 Organic plasma polymerizable materials 
PECVD is distinct from other forms of polymerization due to the nature of the reaction 
occurring and means of initiating and controlling film growth.  While similarities between 
12 
	  
plasma polymerization and other methods such as step or chain growth exist, there are 
fundamental differences in the plasma process that make these films truly unique as 
have been explained.26  PECVD draws its immense material versatility from the 
mechanism it uses to create thin films; the radicalization induced by the plasma.  The 
films also acquire a unique architecture of a highly cross-linked network since the 
reactions occur randomly in the plasma chamber and are not specifically directed as the 
films form on the substrate.  Inorganic thin films such as silanes and nitrides that were 
the original focus of PECVD studies deposit very well forming hard, inorganic layers, but 
generally fall short in many applications where polymers excel, one being 
responsiveness.  These inorganic films generally do not exhibit a response to external 
stimuli the way a polymer film does and are typically better suited for use in 
microelectronic applications. 
 
PECVD had been widely adapted as a method and has been used with many different 
polymers including polystyrene, polyacrylonitrile and polyethylene oxide, responsive 
monomers including poly(N-isopropylacrylamide) (pNIPAAM) and poly(2-hydroxyethyl 
methacrylate) (pHEMA), halogenated molecules such as pentafluoroethane and 
hexaflurobenzene which show unique insulating properties and organometallics like 
ferrocene and titanium isopropoxide.41,49,72,73,74,75,76,77,78  Two of the more extensively 
studied polymeric materials deposited with CVD have been NIPAAM and HEMA, which 
both show a responsive behavior.  These types of responsive materials, and these two 
in particular, are of great interest because of the idea of being able to create a one-step 
facile surface coating with unique responsive properties that can then be tailored to 
exhibit specific responses.  Each year more reports of different and novel monomers are 
seen for new applications as PECVD, along with other CVD methods, become more 




Several reports look to detail the unique internal structure of plasma polymerized films 
through methods such as X-ray and neutron reflectivity.79,80,81,82,83  While most chemical 
characterization of plasma polymerized films has been limited to techniques such as 
FTIR, UV-VIS or XPS, obtaining a better understanding of the structure of the films is 
necessary when studying their interactions and responses.  Films of benzene and 
octafluorocyclobutane showed structural variations near the polymer/substrate interface 
and the polymer/air interface on the order of several nanometers in thickness.  The bulk 
of the films were generally seen to be homogenous, but through variation of the chamber 
pressure during deposition, the cross-linking density could be varied significantly and 
was typically lower near the substrate than in the bulk of the film (Figure 1.4).84  These 
studies also probed the surface roughness of co-polymerized films and found them to be 
very smooth, on the order of 3-6 Å, and homogenous in composition.85  Several other 
important characteristics were noted by Foster et al.: The structure was uniform 
throughout the films, thin transition layers were observed of about 7 nm thickness near 
the substrate and near the surface and a decrease in the cross-linking density of the film 
near the surface.  These studies offer excellent insight into the nature of the plasma 
polymerized films and how they are controlled through the deposition parameters.  
Applied plasma power greatly affects the composition and morphology of the copolymer 




film, especially in copolymers and it will affect the structure of all films by changing the 
ratio of radical to monomer molecules which affects the cross-linking. 
 
The plasma deposition conditions also have a significant bearing on the long term 
stability of the plasma polymerized films.  Since any use of PECVD on a commercial 
scale would require films to be stable for extended periods, this is an area of interest as 
the process is adapted for more applications.  One study characterized the aging effect 
on allyl alcohol and acrylic acid PECVD films and found little change in the films or their 
composition over 400 days.86  Some oxygen increase is seen in allylamine films, as it is 
absorbed from the atmosphere.  Films were measured by XPS to evaluate the 
carbon/oxygen and carbon/nitrogen ratio at various time intervals to characterize any 
change in the films.  The depositions were run under low power (5W) and showed 
remarkably stable films over an extended period of time when fabricated under 
appropriate conditions.  Confirmation of the robustness and stability of the films 
demonstrates that PECVD can be used as a viable method to produce films for 
applications requiring long-term stability. 
 
One common monomer used in many PECVD studies is NIPAAM due to the ability of 
poly(NIPAAM) to exhibit characteristics of a thermally responsive, swellable hydrogel, 
making it a material desirable for many applications.  Deposition conditions have also 
been studied in regards to the responsive nature of pNIPAAM where the substrate 
temperature and chamber pressured were varied to assess the impact on water uptake 
by the film.40,41  QCM-D studies at different temperatures confirmed that films with higher 
degrees on intermolecular hydrogen bonding indeed showed lower moisture uptake 
capacities and that processing conditions contributed greatly to overall film stability.  For 
some of the listed conditions, the films measured were unstable while others were very 
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stable in water and illustrates clearly how that even using the same monomer, changes 
in the deposition (in this case, pressure and substrate temperature) has a major impact 
on the end result.  These studies provide highly relevant information regarding the 
plasma deposition conditions and their effect on the resulting film which can be applied 
broadly to future studies.  Ratner et al. have shown the ability of PNIPAAM to retain a 
temperature functionality after coating, which allows changes in the mechanical 
properties of the film as it undergoes an LCST transition around 30ºC.31,49  The ability to 
plasma polymerize PNIPAAM is of interest since it exhibits a transition range near body 
temperature which can be controlled through various means while promoting cell growth 
and tissue engineering applications, especially in conjunction with grafted RGD 
peptide.87 
 
Another monomer extensively studied with PECVD and other various CVD processes is 
pHEMA, which is noted for its swelling and responsive characteristics.  Plasma 
deposition techniques have also been extensively characterized for this material, 
especially as they relate to the control of the cross-linking density of the film.  The first 
studies of PECVD pHEMA were related to the chemical structure following plasma 
exposure and noted that the material was observed to undergo more dramatic changes 
in structure and cross-linking as higher applied powers in conjunction with lower 
deposition pressures would cause a greater loss of functional groups than films 
fabricated under lower power conditions.43  While some cross-linking is essential and 
contributes to the stability of the film, excessive amounts will limit the response through 
multiple side reactions and may diminish the number of functional groups on the surface.  
Overall, though, there is typically a loss in the swelling capacity of such films as 
characterized by a decrease in the swelling ratio.74,88  Pulsed plasma deposition 
methods, where the plasma is rapidly cycled on and off, have also been used 
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successfully as a method of preserving hydroxyl functional groups with pHEMA 
depositions.89 
 
One example of pHEMA polymerization utilized a low power plasma along with the 
cross-linking agent ethylene glycol diacrylate (EGDA).74  This is unique since most cases 
of plasma polymerization rely on the plasma itself to be the initiator of cross-linking 
rather than a chemical cross-linker.  However, the films cross-linked with the EGDA were 
observed to be much more robust under long term water exposure, indicating their 
potential application in tissue scaffolding and slow drug delivery applications.74  A 
second study was conducted showing pHEMA to be a useful as a biocompatible material 
capable of coating complex biological geometries and supporting significant cell 
attachment.75  This example shows how the influx of two monomers can lead to co-
polymerization, an important feature of CVD for building films of tailored architectures 
and chemistries. 
 
Translating swellable and responsive types of behavior to CVD deposited pHEMA has 
been studied extensively and several key examples have been demonstrated with a 
retained structure of functional groups and response analyzed through extensive 
chemical analysis.75  Gleason et al. have demonstrate pHEMA in an adjustable optical 
stack where, combined with titania layers, a shift in the optical properties of the film is 
observed when exposed to an excess of water.27  The system was constructed using 
both iCVD for the PHEMA layers and hot-filament CVD for the titania layers, and while 
not plasma enhanced, provides an excellent example of the use of other CVD methods 





Most reports of novel materials are ones involving the use of monomers that begin in the 
gas or liquid phase since these are the easiest to vaporize and induce into the plasma 
stream and compatible with the majority of reactor constructions.  A limited number of 
reports are available using direct sublimation of solid precursor monomers where the 
monomers are heated directly into the plasma stream for reaction and deposition.  The 
use of solid precursors is utilized in fewer cases in CVD studies, but has the potential to 
open access to many materials systems and is worthy of further exploration.  One such 
example is that of ferrocene which readily sublimes upon heating from a dry powder 
form to be easily deposited upon the target surface for optical modification.73   
 
Since the governing reaction mechanism in PECVD can generally be universally applied, 
only two major constraints are of primary concern when depositing a new material: 1) 
The monomer must have the ability to be vaporized into the plasma stream via boiling, 
heating, sublimation or direct vaporization.  2) The applied power of the plasma stream 
must not cause significant damage/dissociation to the monomer before it reacts on the 
surface.  Given these two premises, a variety of techniques exist which allow the 
monomer to be successfully deposited on the target substrate. 
 
1.2.2 Biologically derived plasma polymerizable materials 
At the simplest level, biological molecules such as proteins and peptides are constructed 
from amino acids.  Amino acids serve as the basic building blocks of many complex 
systems and are at the core of biofunctionality.  When amino acids are purified to their 
singular form, they are in many respects similar to other chemical monomers, with a 
specific chemical structure and the ability to form polymerized chains of many amino 
acids under the appropriate conditions.  These single amino acids can be studied in 
much the same way as any other common monomer can be studied via PECVD 
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deposition.  This is significant since the ability to work with this class of materials has the 
potential to significantly broaden the applications of PECVD and other CVD coating 
methods to include biofunctional surfaces and interfaces. 
 
While many different polymeric thin films can be fabricated with PECVD, the topic of 
biological molecules deposited via PECVD and their interface with different material 
systems is one which provides a significant area for development.  Beginning with the 
simplest of biological materials, the deposition of various amino acids shows the 
potential use of PECVD as a compatible deposition process which can be used to 
readily deposit biomolecules on a surface which retains the original functionality of the 
material, capable of mineralizing nanoparticles from solution.  This deposition method is 
extended to many different surfaces and structures enabling biofunctionalization on 
many surfaces where it was not previously available. 
 




Acrylonitrile C3H3N Small monomer easily plasma polymerized 
Ferrocene C10H10Fe Iron containing molecule/optical modifier 
Pyridine C5H5N Reduction of silver NPs 
HEMA C6H10O3 Biocompatible/hydrogel 
NIPAAM C6H11NO Temperature responsive 
Titanium Isopropoxide C12H28O4Ti Liquid precursor for Ti depositions 
Tyrosine C9H11NO3 Amino acid for gold reduction 
Histidine C6H9N3O2 Amino acid for TiO2 reduction 
 
Biological monomers of interest are often in a powder form, presenting a unique set of 
challenges for plasma depositions of these monomers.  Some solid monomers can be 
deposited through various sublimation methods whereby the monomers are pre-heated 
in the plasma chamber while under vacuum and vaporized into a gas phase.73,90,91,92,93  
The reaction proceeds akin to any gas-phase monomer.  It has been shown that 
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sublimation PECVD is compatible with a range of materials, from organometallics to 
amino acids providing robust and stable films.41,54,73,94  The utilization of heating  and 
sublimation allows solid materials, which are not volatile, to be plasma polymerized, 
opening a new range of solid material precursors for study. 
 
Examples from literature have demonstrated the viability of vapor deposition methods to 
form amino acid strucutres.36,37  The example developed by Lee and Frank uses a 
heating method under vacuum to deposit a range of poly amino acids which were firmly 
grafted to a substrate and preserved their composition and functionalities.  These films 
were limited to ~80 nm in thickness due to the surface modification necessary for 
adhesion to the substrate which was covered and negated as the deposition progressed.  
The major disadvantage to this deposition method is that the substrate requires prior 
preparation with a surface grafted initiator to allow the deposited of the amino acid on 
the surface.  The use of PECVD allows us to effectively eliminate the initiator surface 
modification step and provides the possibility of coating a wide range of different and in 
many cases, rough substrates with surface features.  The use of a surface grafted 
initiator also limited the total thickness of the film to typically less than 80 nm since once 
the depositing material can no longer interact with the initiator, the film will cease to 
grow.  This is a major advantage of PECVD in that surface initiation continuously occurs 
with the formation of new radicals by the plasma on the deposited surface which provide 
reactive sites for further film growth.  Thus PECVD allows films of much greater 
thickness to be constructed.  PECVD allows more rapid deposition rates as well, usually 
1-2 orders of magnitude larger, measured in nanometers per minute rather than per 
hour.  This study provides excellent detail regarding the reactions occurring among the 




Single amino acids deposited via sublimation PECVD are excellent candidates for 
further investigation based on their unique functionalities and fundamental biological 
characteristics.45,95,96  There is also a significant and growing interest for the use of 
PECVD in biological applications and for the synthesis of biological films.  Direct 
synthesis of raw amino acids into well-defined coatings is a critical component of 
understanding the full potential of PECVD for biological applications.  One major 
advantage that will be explored in this thesis is the ability of PECVD to copolymerize 
multiple monomers in a single reaction.  PECVD lends itself well to co-polymerizations of 
two or more chemical species in order to facilitate complex and stable, functionalized 
mixed coatings.  However, this adds a layer of complexity to the deposition process 
given the different reactivities of the precursors used.  For instance, co-polymerization 
has been previously reported using benzene and octafluorocyclobutane (liquid and 
gaseous) monomers which are copolymerized in the plasma simultaneously to fabricate 
films with controllable refractive indices.97 
 
One challenge with this fabrication process, though, is determining the appropriate 
deposition conditions, which allow a controlled reaction of different organic materials 
simultaneously.  This challenge is magnified when using one monomer, which is solid 
and must be sublimed into the plasma stream since flow rates are not as easily 
controlled as they are with conventional liquid and gas phase monomers.  The 
deposition rates of each material must be matched based on the desired end ratio of the 
final film’s composition.  As the monomers are mixed in the plasma stream they form 
highly randomized structures, which when deposited, exhibit characteristics of both 
components.97,98  Despite the utility of sublimation PECVD procedures for biological 
molecules, examples of robust and uniform binary plasma polymerized films utilizing 
them are very rare.  Developing the capability of simultaneous deposition with different 
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monomers, including bioactive compounds, of any important material highlights the 
versatility offered to the composition of the resulting plasma polymerized films. 
 
1.3 Biological Applications of PECVD 
As such a versatile deposition technique, both in terms of materials deposited and 
substrates deposited on, CVD and PECVD coatings are finding uses in many 
applications that demand a responseive film.  This requires scientists and engineers to 
develop not only an understanding of the CVD processes used for the depositions, but 
also an understanding of functional film properties capable of being harnessed with 
these films.  Development of processes and materials in the realm of biological 
applications, which requires a decidedly different area of expertise compared to 




PECVD as it relates to applications in biology and biomedicine have been a topic of 
discussion in literature.14  This is a field with many challenges to address as it requires 
the combination of expertise of several different fields, namely CVD, 
biological/biomedical engineering and materials science.  There are many potential 
applications though as a rapid, dry and uniform deposition method for biological coatings 
on devices such as implants and bio-active surfaces and for the direct synthesis of 
proteins and peptides.  PECVD has tremendous potential to offer this branch of 
materials science as it is a deposition technique which is compatible with many different 
types of materials including amino acids and peptides, allowing them to be deposited on 
and adhere to a variety of surfaces.  PECVD can be used as a method to functionalize 
surfaces with biological material which can then be modified or implanted into a body or 
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it can facilitate the integration of biological and non-biological materials into a single 
integrated structure. 
 
Directly depositing biological molecules such as amino acids, proteins and peptides is an 
area of study which is quickly gaining interest.14,35,37,38,39  Previous examples of these 
types of depositions have used vapor deposition polymerization where the short peptide 
sequence is heated under vacuum to undergo polymerization into various ordered 
structures such as tubes or spheres on surfaces.  Unique structural formations have also 
been observed to self-assemble from solution cast diphenylalanine dipeptides and can 
control surface wetability.99  In this instance the amino acid or peptide is heated under 
high vacuum and deposited on a heated substrate.  Some examples utilize a silicon 
surface modified with an initiator to allow adhesion of the peptide sequence.  This seems 
to have only a limited effect on the film formation as the maximum thickness reported 
using this method is around 80 nm.  The formation of peptide nanostructures by a similar 
method can produce much larger features of up to tens of microns in size, large enough 
to affect the surface properties such as wettability. 
 
The surface characteristics of vapor deposited (physical, not chemical deposition) 
materials are seen to be very featured with a markedly high roughness as compared to 
many CVD deposited materials.37  When beginning with pure monomers, PECVD allows 
the formation of much more uniform and flat films on the target substrate.  PECVD also 
does not require the use of surface treatments prior to deposition of the monomer since 
the plasma itself causes radicals to form on the target substrate and act as initiating site 
for the attachment of monomer units.  This type of mechanism repeats itself allowing for 
the formation of films of variable thickness from a few tens of nanometers to over a 
thousand.  PECVD also provides a method to create very smooth and uniform films in 
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comparison to the large, rough tube structures formed.  This is a critical advantage when 
considering conformal coatings of intricate structures for further modification through 
particle mineralization.   
 
PECVD films find use in bio related fields not only in the direct deposition of biological 
materials, but also through coatings of other polymers for biological and biomedical 
applications as they relate to topics such as protein binding, cell adhesion, anti-fouling, 
antibacterial and biocompatibility.14,100,101,102,103  Using different polymers to modify 
surfaces for these types of applications is becoming an increasingly relevant use for 
PECVD, which coats materials quickly and easily in a single step.  Most films for 
biological and biomedical applications are required to be stable in aqueous 
environments, sometimes for extended periods and this must be designed into these 
films during their deposition.  By adjusting the plasma conditions, films vary from robust 
to unstable in fluid even if they are composed of the same material as previously 
discussed with the pNIPAAM example.  Films also require good adhesion to the 
substrate and this becomes critical in cases when the film is expected to exhibit 
functional post-deposition behavior. 
 
One example of plasma polymerized thin films studied for bio-related applications are 
the plasma coatings of simple amine, hydroxyl and fluorinated compounds polymerized 
onto substrates to significantly alter the surface chemistry.104  Adsorption of fibrinogen 
was observed to be highest on the amine surface coating with hydroxyl and fluorinated 
surfaces adsorbing significantly less than the poly(ethylene terephthalate).  This study 
indicates surfaces and characteristic compositions which are observed to be anti-fouling 
and to be adhesion promoters, both of which are important in future applications.  A 
related study investigated the adsorption of immunoglobulin G (IgG) on plasma 
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polymerized hexamethyldisiloxane (HMDSO) and acrylic acid (AA).105  The HMDSO film 
showed good adsorption of the IgG, but poor adhesion upon rinsing.  The retention of 
IgG on the surface was observed to be much higher with the AA films through covalent 
coupling with a polyethylene glycol-polyethyleneimine (PEG-PEI) copolymer even after 
rinsing with buffer and the addition of bovine serum albumin, making these films of 
interest in immunoassay roles due to the fact that any type of surface may be used. 
 
In addition to IgG, AA films have also been observed to support the growth of human 
fibroblasts.106  Allylamine is another material that has been investigated through plasma 
deposition as a means of fabricating surfaces for cellular adhesion.107  These plasma 
polymerized surfaces were observed to be robust through autoclaving and stable 
enough to be used for several cell culture cycles.  The allylamine films were very 
effective a promoting the growth and adhesion of central nervous system cells in the 
study by Gross et al.  The fact that the plasma coating can be applied to almost any 
surface is noted as a key advantage over other chemical surface modification methods 
and is a fact which is observed repeatedly in many of the studies and papers reviewed. 
 
1.3.2 Biomineralization 
One specific bio-application of PECVD films that will be a recurring theme in this 
dissertation is that of biomineralization.  Biomineralization is a process which many 
organisms in nature use to construct rigid structures either as means of bodily support in 
the case of bones or for protection as in the case of shells.108,109,110  Biological 
molecules, such as amino acids, peptides and proteins are used to precipitate inorganic 
nanoparticles directly from a precursor solution onto a surface.  The variety of 
mineralizable materials and mineralizing agents has been extensively studied using a 
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variety of techniques and cataloged according to which amino acid sequences best bind 
certain ions from solution. 
 
While the actual mechanism is still a subject of debate, the results of the 
biomineralization process, the formation of rigid inorganic structures, is repeated many 
times in the laboratory and in nature.111  Molecules such as amino acids, proteins and 
peptides act as precipitating agents for specific inorganic materials base on their 
chemical functionality.  The inorganic precursor solution is typically one which contains 
ions in a dilute solution of the material to be mineralized.  It is theorized that small pre-
nucleation clusters of these ions form and de-form in solution and begin to aggregate 
around active surface sites which leads to the formation of larger clusters (Figure 1.5).112  
These clusters give rise to nanoparticles on the surface and continue to grow, eventually 
becoming more ordered deposits which can show a crystalline structure when reaching 
a larger size.   
Figure 1.5:  Proposed mineralization pathway from ions to clusters to particle formation.  




Typically this type of mineralization occurs in solution and any attempt at surface 
mineralization must include a reliable method of binding the mineralizing amino acid 
sequence to the surface.  Difficulty can arise in creating reliably grafted coatings to 
certain surfaces that are resistant to modification.  By employing the use of PECVD with 
dry amino acid monomers, the formation of single amino acid peptide sequences leads 
to a viable method of surface modification by which the film is bound to the surface while 
still maintaining the necessary functionality to induce mineralization of inorganic particles 
from solution. 
 
Mimicking a naturally occurring biomineralization process has promising implications for 
biomimetic engineering.  A variety of different metal-binding synthetic macromolecules, 
proteins and peptides have been demonstrated to effectively form inorganic 
nanoparticles from precursor solutions and bind them to functionalized surfaces where 
an excess of the protein or amino acid is properly tethered.113,114  Functionalized 
polymeric materials, such as poly(ethyleneimine) and multifunctional hyperbranched 
molecules, have been demonstrated to be effective in the reduction of silver and gold 
nanoparticles as well.115,116 
 
Many examples of this bioenabled approach have been demonstrated, including but not 
limited to the use of biological and synthetic macromolecules containing tyrosine, 
tryptophan and cysteine groups for the controlled formation of gold nanostructures; 
tyrosine, AG3 and AG4 peptides for the reduction of silver nanoparticles; and cysteine 
for obtaining platinum nanostructures.95,117,118,119,120,121,122  As known, proteins and 
peptides with higher concentrations of charged amino acids (e.g., arginine, lysine) are 
effective in the reduction of titania nanoparticles.123,124,125,126  Additionally, histidine amino 
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acids with their high concentration of amine groups, are considered to be potential 
precursors for titania reduction, enabling nanoparticle formation from aqueous solution 
onto surfaces.95,127  The rSilC protein is one such class which has been demonstrated as 
being effective at functionalizing surfaces for the formation of large titania structures and 
nanoparticles.128,129 
 
1.4 Complex topological architectures in PECVD 
While 2D structures provide excellent model systems for the fundamental 
characterization of plasma polymerized materials, there are many applications which 
require the use of non-planar, non-ideal surfaces.  Analysis of plasma polymerization on 
different types of 3D structures is an essential study in the development of 
understanding functional limits of plasma coatings.  One limit of PECVD is that it is a 
line-of-sight technique whereby the material is coated most prominently on sections of 
the substrate which are perpendicular to the plasma stream.  For this reason coating on 
surfaces parallel to the monomer flow direction will produce much thinner films leading to 
growth rates which have a strong directional component to them.  However, plasma 
polymerization is highly compatible with many different substrate materials and can coat 
highly featured surfaces easily and uniformly, offering a major processing advantage in 
many cases. 
 
1.4.1 Non-planar coatings 
Non-planar and complex surface topologies represent a unique challenge to many CVD 
methods.  It is particularly important that any deposition method be compatible with non-
planar substrates if it is to see eventual application in any process outside of the 
laboratory setting.  PECVD provides adept coatings on non-uniform and rough surfaces 
on a small scale of less than 10 µm.  Any part of the substrate which is exposed to the 
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plasma is capable of generating radicals and securing monomers on the surface.  This 
allows many small features to be coated and for small surface roughnesses of the 
substrate to have little effect on the final film and quality of the coating.  This also makes 
PECVD useful for modifying small features constructed on a substrate.  The coating and 
filling of mesoporous titania films for dye sensitized solar cell applications has also been 
demonstrated where iCVD is used to deposit a polymer, such as PHEMA, into the small 
pores of the surface.130  This is one example of how very rough surfaces can be 
intimately coated with a polymer layer.   
 
The line-of-sight limitation of PECVD means features on the surface that run parallel to 
the plasma stream see much less coating than those running perpendicular as 
previously stated.  Other CVD methods such as iCVD have been shown to provide a 
much more reliable method of coating non-line-of-sight features such as the walls of high 
aspect ratio trenches.19  Selective coating is made easy using PECVD in the case where 
the top of a pillar is to be modified with a coating while leaving the sides uncoated.  This 
arrangement can be used advantageously in many coating scenarios and becomes 
more pronounced with larger feature sizes which will show less of a bleeding effect.   
 
1.4.2 Anisotropic coatings 
Fabrication of anisotropically coated particles and structures, such as Janus particles, is 
an area that has seen rapid development in recent years as new fabrication techniques 
and applications are applied to these systems (Figure 1.6).131,132  One challenge that is 
ever-present in the fabrication of anisotropic particles is scalability and the ability to 
produce a large number of modified particles in a quick facile manner.  While PECVD 
does not address all known fabrication issues associated with these types of particles, 
the rapid, conformal coatings provide a reliable means with which to build coatings on 
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very fine structures.  One area of non-planar substrates where PECVD has seen 
success is that of micron sized curved spheres.  The plasma process is able to easily 
coat micro particles to create Janus-type structures with a solid supporting sphere 
capped by plasma deposited polymer.  Janus structures represent a unique structure 
which exhibits two different surface contained on one structure.131  This has been an 
area of great interest in recent years focusing on different fabrication methods to create 
particles from a variety of material combinations and in ever increasing amounts.  
PECVD lends itself well as a coating technique to deposit a range of monomers directly 
on one half of silica microparticles embedded in a protective layer.  The masking is 
essential and provides a very definitive protection layer for the particle.  Since this type 
of method allows many particles to be modified during a single plasma deposition, it is 
seen as having potential for larger scale production of coated microparticles.  These 
types of surface modifications could be used to easily apply coatings which can promote 
protein adsorption, cellular attachment and growth along with other biofunctional 
enhancements or can promote several different objectives in the case of multiple or 
mixed material coatings. 
 




There is a broad range of materials and applications for not only PECVD and films 
fabricated with this method, but also many different types of CVD and CVD polymers in 
general.  The distinct advantages offered by each of these processes will become a 
major factor in their growing use, both in research and in industrial applications since the 
processes are simple, robust, solvent-free, green and readily scalable especially through 
the use of off the shelf commercial monomers, which can be applied equally well to 
many different kinds of surfaces on a larger scale without the need to change the 
deposition process significantly.  The sheer variety of materials and applications possible 
make CVD-based film fabrication an attractive method for many studies, especially ones 
that may have previously required complex chemical methods of surface modification.  
Biocompatible and bio-responsive coatings are a growing area of interest for CVD films 
as they provide robust films with tailored chemistries for promotion of cellular growth or 
prevention of microbial growth and may help facilitate implants.  Overall, the continued 
study of the combination of CVD and soft matter will allow films to be designed quicker, 






CHAPTER 2 : Goals and Objectives 
 
2.1 Goal 
The goal of this study is to understand the plasma deposition process used to form 
ultrathin functional films which can serve as biological, optical and responsive surface 
coatings.  This goal is achieved through the elucidation of novel chemical and optical 
properties of highly cross-linked films from plasma polymerized amino acid and synthetic 
monomers.  PECVD is established here as a solvent-less coating technique, including 
for the conformal deposition of biological materials, since it possesses the ability to 
modify surfaces rapidly and uniformly through a robust, one-step dry chemical process 
and can be broadly applied to diverse monomers and substrates.  This research further 
addresses the key challenges associated with the sublimation plasma polymerization of 
important biological and synthetic molecules including proper vaporization and 
deposition rates, chemical cross-linking control, monomer functionalization and retention 
of vital functional groups after polymerization. 
 
This work takes an interdisciplinary approach to developing sublimation PECVD 
methods targeted for biologically active coating applications by using elements of 
material science, biochemistry and chemical synthesis in an engineered manner to 
address functionalized film fabrication as summarized in Figure 2.1.  Uniform ultrathin 
films of both amino acids and synthetic monomers are plasma polymerized through a dry 
process on a variety of practical polymeric and inorganic surfaces such as silicon wafers, 
Teflon, negative photoresist (SU-8), nitrocellulose, silk fibers, silica microspheres and 
polystyrene films.  The insight developed from these plasma polymer coatings may 
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serve to enhance many practical surfaces with biological, optical and responsive 
coatings. 
 
2.2 Key technical objectives 
The key technical objectives that are pursued in this work are summarized as follows: 
Ø Investigate the sublimation PECVD process as a facile method for the reactive 
formation of smooth, uniform, conformal, stable and robust ultrathin films of 
various functional materials including amino acids and synthetic organic 
monomers on a variety of substrates. 
Ø Optimize plasma deposition conditions for both sublimed amino acid monomers 
and vaporized liquid phase synthetic monomers for stable plasma polymerization 
and film fabrication with controllable physical and chemical characteristics. 
Figure 2.1:  Overview of the approaches and materials selected as well as target 
applications of PECVD ultrathin film polymerization. 
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Ø Perform comprehensive characterization of the plasma polymerized ultrathin film 
surfaces for chemical bonding and changes along with cross-linking, surface 
morphology, domain structures and functionalities using a variety of surface 
sensitive analytical, spectral and microscopy tools. 
Ø Design co-polymerization plasma deposition methods to combine amino acid and 
synthetic monomers, resulting in robust nano-composite films of controlled, 
mixed composition and tunable properties. 
Ø Assess plasma polymerized amino acid coatings as biomineralization promoters 
for the reduction of inorganic nanoparticles from solution on uniformed and 
patterned substrates and analyze nanoparticles fabricated on these plasma 
polymerized biofunctional surfaces. 
Ø Explore PECVD as a means to modify surface optical properties through the 
addition of mineralized nanoparticles with different refractive indices and co-
polymerized plasma polymerized films. 
Ø Fabricate conformal plasma coatings on complex micro-fabricated topologies 
which can serve as templates for further material modification via nanoparticle 
reduction in solution. 
Ø Design and investigate polymeric/inorganic two-faced Janus micro structures by 
plasma coating microspheres embedded in a masking layer and subsequently 
modifying and releasing the plasma polymer cap from the underlying support, 
creating free-standing anisotropic structures. 
Ø Explore PECVD co-polymerization as a method of fabricating optically enhanced 
and environmentally responsive ultrathin polymer films exhibiting a rapid 




In this study, we will demonstrate that Plasma polymerized films with proper 
functionalities allow mineralization of specific inorganics, such as gold and titania, to 
occur rapidly and repeatedly on 2D and 3D templates.  Further chemical modification of 
surfaces can be achieved through the co-polymerization of multiple monomers used 
simultaneously with the PECVD method.  Co-polymerization introduces a facile method 
of integrating amino acids with other biocompatible polymers to construct tailored 
interfaces for specific integration applications.  Application of these films to complex 
topological systems, such as patterned and curved surfaces, demonstrates the versatility 
of PECVD as a coating method for real-world modifications of engineered and 
implantable structures. 
 
2.3 Overview of Thesis Composition 
Generally, this work deals with the fundamental study of the synthesis and 
comprehensive characterization of plasma polymerized biological and synthetic 
monomers as fabricated by PECVD on planar and complex topologies.  Special attention 
is paid to the chemical composition of the resulting films to determine their chemical 
structure, morphology and composition following the plasma deposition.  The retention of 
chemical functionality of the initial monomers is a critical focus of the study since these 
coatings are intended to augment the surfaces they are applied to.  Surface 
enhancement is demonstrated through mineralization, conformal coating and altering 
responsive optical films on both 2D and 3D substrates, highlighting the versatility of the 
plasma polymerization regime used. 
 
A comprehensive critical review of CVD methods employing organic monomers, 
covering a range of functionalized materials, with specific attention paid to various 
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PECVD techniques and how these relate to key areas of current research in the related 
literature is presented in Chapter 1. 
 
Chapter 2 provides a brief summary of the dissertation including the general goal and 
technical objectives of all related research efforts conducted in support of this study.  
Also provided is an overview of the dissertation itself and a guide to its general 
organization. 
 
The experimental techniques and approaches used in these studies are briefly 
summarized in Chapter 3.  Monomer and target surface selection and preparation are 
also discussed.  Both the materials fabrication and characterization methods are detailed 
including various PECVD polymerization approaches, biomineralization of nanoparticles 
and the Janus micro particle fabrication and release technique.  The characterization 
techniques introduced here include atomic force microscopy (AFM), scanning electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), transmission electron 
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), variable angle 
spectroscopic ellipsometry, X-ray photo electron spectroscopy (XPS), confocal 
fluorescent microscopy, optical microscopy, and Raman spectroscopy. 
 
The following individual chapters discuss the specific experimental details related to 
those particular topics as Chapter 3 is intended to provide a general overview of the 
experimental techniques used. 
 
A novel method for the facile fabrication of conformal, ultrathin, and uniform synthetic 
amino acid coatings on a variety of model and practical surfaces by PECVD is 
introduced in Chapter 4.  L-tyrosine amino acid, which can be utilized as an agent to 
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reduce gold nanoparticles from solution, is sublimed into the plasma and directly 
deposited on a variety of substrates to form a homogeneous, conformal and robust 
polyamino acid coating in a one-step, solvent-free process.  This approach is applicable 
to many practical surfaces and allows surface-induced biometallization while avoiding 
multiple wet-chemistry treatments that can damage many soft materials.  By placing a 
mask over the substrate during deposition, the plasma polymerized tyrosine coating can 
be micro-patterned.  Upon the films exposure to a dilute gold chloride solution, gold 
nanoparticles form on the PP-Tyr surface and concentrate on the micro-patterned areas 
containing the polymer.  This method of templated biometallization is adaptable to a 
variety of practical inorganic and organic substrates, such as silicon, glass, 
nitrocellulose, polystyrene, polydimethylsiloxane, polytetrafluoroethylene, polyethylene, 
and woven silk fibers.  No special pretreatment is necessary, and the technique results 
in a rapid, conformal polymerized amino acid coating that can be utilized for further 
biometallization. 
 
Building on the previous chapter, Chapter 5 focuses on the conformal synthesis of 
ultrathin films from the amino acid, histidine, on flat silicon substrates and 3D periodic 
polymer structures via plasma enhanced chemical vapor deposition. A demonstration of 
the efficient utilization of this functional amino acid nanocoating for the formation of 
individual titania nanoparticles with dimensions from 2 to 15 nm, depending upon 
reduction conditions, is shown.  The titania nanoparticles were grown directly on 
histidine-functionalized 2D and 3D polymer substrates by a wet-chemistry method which 
showed uniform surface coverage reaching 70%.  This approach demonstrates the 
potential for modifying the optical properties of periodic porous polymeric structures via 




The use of PECVD for the simultaneous co-deposition and co-polymerization of amino 
acids with synthetic monomers is discussed in Chapter 6.  This study serves as a model 
system to study the feasibility of a direct, facile method for integrating biocompatible and 
synthetic materials into biofunctional films.  The ability to copolymerize a biological 
molecule (L-tyrosine) with various monomers such as acrylonitrile, HEMA and titanium 
isopropoxide in a dry, one step process to form thin films of mixed composition films.  
Mineralization has been previously used to create hybrid organic/inorganic structures 
and co-polymerization of L-tyrosine with titanium isopropoxide provides an alternate 
method of fabricating hybrid ultrathin films.  The fundamental aspects of plasma co-
polymerization of different materials with tyrosine are evaluated and PECVD is 
investigated as a possible method to integrate biological and non-biological (organic and 
inorganic) components in a single, stable, mixed, uniform film.  This process may lead to 
a method of interfacing biological systems with synthetic materials as a way to enhance 
the interface between an implant surface and biocompatible coatings. 
 
Chapter 7 is focused on the universal fabrication of Janus microparticles from a wide 
variety of organic and inorganic components compatible with PECVD.  The Janus 
particle fabrication described in this study details the synthesis of the highly cross-linked 
polymer coatings on the exposed half of the partially embedded particles via PECVD.  
Plasma polymerization of different functionalized, reactive, responsive, organic and 
biomolecular materials ranging from acrylic compounds to organometallic molecules and 
amino acids is done directly on silica and titania microspheres.  A masking technique is 
used to ensure that only a controlled fraction of the total particle surface area will be 
covered.  This facile, fast, and scalable plasma polymerization approach allows for 
single-face polymerization, generating organic-inorganic Janus particles which are 
robust and can be further converted into a variety of interesting anisotropic mesoscale 
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structures.  Half-fluorescent, half-metal decorated and half-shelled structures were all 
demonstrated here as particular representative examples. 
 
Chapter 8 reports on the plasma co-polymerization of poly(NIPAAM), a well know 
temperature and water responsive polymer, which has previously been observed to 
retain its responsiveness after undergoing polymerization through various chemical 
vapor deposition processes.  In this study the expected responsiveness of the plasma 
polymerized NIPAAM films to moisture is verified through spectroscopic ellipsometry of 
film swelling.  A comparison of this ultrathin film response is made to PP-NIPAAM films 
plasma co-polymerized with titanium isopropoxide, which significantly increase the 
refractive index of the final mixed film, leading to a coating with a tunable thickness and 
refractive index.  By maintaining a response after doping with an optically modifying 
material, the PP-NIPAAM film provides a facile method for creating rapidly humidity 
responsive and optically tunable ultrathin film. 
 
A general discussion of the major results, new and significant findings, research impact 
and overall significance of this study are presented in Chapter 9 along with concluding 




CHAPTER 3 : Experimental Techniques 
 
This chapter will provide a summary of procedures, experimental techniques and 
analytical tools used throughout this work.  Specific details regarding individual 
experiments will be provided locally in the corresponding chapters.  A general summary 
explaining sample preparation and characterization will be provided here. 
 
3.1 Synthesis and Fabrication 
Two major fabrication methods, plasma polymerization for film fabrication and 
biomineralization for film modification, are described here.  Specific fabrication 
procedures are detailed in their respective chapters. 
 
3.1.1 Substrate and materials preparation 
All monomers were purchased from Sigma-Aldrich and used as received, without further 
modification.  Typical monomer purity was >98% unless otherwise noted.  Depositions 
performed on highly polished single crystal silicon substrates {100} were acquired from 
University Wafer and cleaned in piranha solution (3:1 conc. H2SO4 & 30% H2O2).  Wafer 
cleaning was done by scoring and cleaving the silicon into approximately 1 cm x 2 cm 
area and then rinsing with water and sonicating for 10 minutes.  The wafers were placed 
in a wafer holder containing 24 pieces and were then immersed in piranha solution by 
adding 100 ml of 30% H2O2 to a large beaker followed by 300 ml of concentrated 
H2SO4.133  The reaction was run for 45 minutes and then the wafers were removed and 
rinsed six times with copious amounts of Nanopure (18MΩ•cm) water.  The wafers were 
stored under Nanopure water in individual containers and dried with dry nitrogen just 
prior to use.  All solvents used were purchased from Aldrich and used as received.  All 
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other substrates for use in the experiments described were used as received from the 
vendor unless otherwise specified.  Details relating to each material are discussed in the 
corresponding chapter 
 
Table 3.1:  List of all monomers used for PECVD depositions. 
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3.1.2 Plasma Reactions 
All PECVD was done at Wright-Patterson Air Force Base in collaboration with Dr. T. J. 
Bunning’s and Dr. R. Jakubiak’s research groups.  The plasma chamber used was 
custom built and used two primary configurations: gas phase and sublimation (Figure 
3.1).1,73  RF power at 13.56 MHz was used to generate a plasma under vacuum 
conditions between two parallel aluminum electrodes.  All cases utilized argon (Ar 
99.999%) carrier gas unless otherwise noted.  Other carrier gases used include oxygen 
and nitrogen or a mixture, depending on the specific reaction. The variables monitored 
during the deposition were applied power, chamber pressure, carrier gas flow rate, 
Figure 3.1:  Plasma enhanced chemical vapor deposition reactor design.  A) schematic 
of reactor showing optional placements of precursor inlets used through the study. B) 
Gas phase monomer configuration with Ar plasma being run. C) PECVD chamber in 
the sublimation configuration with Ar plasma being run.1,73 
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sublimation temperature and time of deposition.  The typical power setting used for 
organic monomer depositions range on the order from 20 to 60 Watts of applied RF 
power.  The second major variable is the chamber pressure.  The depositions studied 
utilized chamber pressures between 0.05 torr and 0.2 torr.  The chamber pressure 
affects the deposition rate of the monomer with lower pressures typically showing higher 
deposition rates.  Closely related is the carrier gas flow rate which partially determines 
the chamber pressure and the rate at which the monomer is incident upon the target.  
Typical flow rates of 10-20 sccm were used for the carrier gas. 
 
All monomers were introduced to the plasma downstream in the flowing afterglow except 
in the case of co-depositions, where the liquid monomer was flowed directly through the 
plasma zone due to limitations in the reactor set up.  The sublimation crucible was a 
resistively heated tantalum crucible which was located about 15 cm downstream from 
the plasma generating zone.  Power was applied to the heating boat to heat the 
monomer through electrical resistance up to a temperature of 300ºC, subliming the 
monomer for induction into the plasma.  The liquid monomer inlets had different  
positions on the chamber ranging from 10-15 cm downstream from the plasma 
generating zone.  The target substrate was placed another 5-10 cm downstream from 
the monomer inlet and was oriented orthogonal to the plasma flow.  The substrate was 
mounted on a rotating arm, which facilitated a more even coating of the plasma film 
during the deposition, by slowly rotating the sample at approximately 10 rpm.  The 
largest silicon wafer substrate coated was two inches in diameter compared with a five 
inch diameter glass reaction chamber allowing ample area for exhaust flow from the 
reaction chamber.  Typical deposition times ranged from 3 to 15 minutes, depending on 
the rate of deposition of a given monomer under specific conditions.  Only ranges of 
conditions are listed as opposed to specific chamber settings since there can be 
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variation in films of the same material deposited under identical conditions due to 
changes in the plasma reactor geometry, ambient atmospheric conditions and previously 
deposited polymer on chamber components which builds up after extended use.  
Factors such as these lead to variations, which must be dealt with experimentally during 




Biomineralization was carried out for two different inorganic materials, gold and titania.  
The mineralizations were carried out by diluting the precursor solution in Nanopure water 
or borate buffer (pH 10) to low concentration.  The gold solution was made using gold 
chloride (HAuCl4, 30% Sigma-Aldrich) to a concentration of 0.1 M.  The dilute solutions 
were then placed onto the plasma polymerized amino acid films and allowed to sit for 1 
Figure 3.2:  Schematic showing the vaporizing apparatus used with liquid monomers 
for PECVD and direction of flow. 
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to 5 days.  After completing the mineralization, the samples was gently rinsed in 
Nanopure water and dried under dry nitrogen.  The titania mineralizations were done 
using a diluted titanium(IV) bis-(ammonium lactate) dihydroxide (TiBALDH) (Sigma-
Aldrich) solution which was diluted from a starting concentration of 2M to a final 
concentration of 2 mM in Nanopure water or 0.5 M phosphate citrate buffer prepared at 
pH 7.  Both solutions (water and buffer) were mixed at a 3:500 volume ratio and mixed 
thoroughly before the histidine coated wafers were immersed.  The PP-His coated 
samples were exposed from 1-24 hours.  These procedures were followed regardless of 
the substrate utilized. 
 
3.2 Characterization 
A variety of characterization techniques were employed to elucidate the properties of the 
plasma polymerized materials both before and after modification.  Determination of the 
chemistry of the plasma polymerized films was paramount to understanding the type of 
reaction which occurred the deposition process and the resulting surface chemistry 
available.  Chemical characterization (FTIR, XPS) was needed to determine the 
functional group retention and the presence of reduced inorganic materials.  The surface 
morphology was determined using AFM and SEM and optical properties were measured 
using spectroscopic ellipsometry. 
 
3.2.1 Atomic Force Microscopy 
The surface morphology and roughness for all samples was evaluated using atomic 
force microscopy (AFM).  The instruments included in this dissertation are: Dimension 
3000 (Nanoscope IIIa), Multimode (Nanoscope IIIa) and Icon (Nanoscope V) systems 
(Bruker, Santa Barbra).  Tapping mode was primarily utilized in the surface 
characterization of all materials.134  Non-contact silicon cantilevers (MicroMasch) with 
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aluminum backside coatings and a nominal spring constant of 40 N/m (resonance 
frequency 330 kHz) were used for all tapping mode scanning.  Typical tip radii were in 
the range of 10-20 nm as calibrated by gold nanoparticle standards according to 
established procedure.135,136  After collection of the images, a flattening procedure was 
typically employed to remove curvature effects, which are artifacts of scanning, with a 
1st,2nd or 3rd order flattening regime.  Image scan sizes range from 0.4 x 0.4 µm2 to 
10x10 µm2. 
 
Tapping mode utilizes a cantilever, which is driven near its resonance frequency just 
above the surface.  Interaction of the tip with the surface occurs causing a deflection in 
the cantilever that is measured by the photodetector producing topographical 
information.  The phase channel is collected by measuring the difference between the 
drive frequency of the cantilever in free space, as applied by the direct drive piezo, and 
the measured oscillation frequency in the photo detector.  Interactions with the surface 
will cause a dampening in the oscillations, changing the wavelength and amplitude from 
that measured in free space, thus giving rise to the phase channel.   
 
AFM images collected on the Icon system used a new imaging technique developed by 
Bruker known as PeakForce® Quantitative Nanomechanical Analysis mode.  The 
cantilever used is typically much softer, with a spring constant of 0.4 N/m as opposed to 
the tapping mode cantilevers with a spring constant of 40 N/m.  The cantilever is driven 
at a constant 2 kHz, far below its resonance frequency.  In this sense, the cantilever is 
tapping the surface, but very lightly.  PeakForce® QNM mode collects topographical 
information in a similar manner to classic tapping mode, but additionally collects 
information such as the surface adhesion and DMT modulus by using a calibrated 
cantilever to collect force v. time curves at each pixel.137  All QNM mode images were 
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collected over scan sizes from 20 µm to 500 nm at an optimized scan rate of 1 Hz.  The 
surface distribution of relative mechanical properties were collected in the peak-force 
mode and the DMT model was used to calculate elastic modulus.138,139  A force v. time 
curve is collected and analyzed “on the fly” allowing real-time mapping of surface 
mechanical properties.  All surface (rms) microroughness measurements were 
conducted over six 1x1 µm2 area and averaged over several locations. 
 
Prior to collecting quantitative nanomechanical data, the system was calibrated by first 
determining the sensitivity of the cantilever/photodetector system.  This was done by 
making a single force curve with the tip in contact with a sapphire substrate.  The 
substrate approximates an infinitely hard surface into which the cantilever will not 
penetrate, but only deflect.  The photodetector measures this deflection by the change in 
the laser position which is measured in voltage.  By matching the distance moved in 
nanometers to this voltage change, the sensitivity of the system is then calibrated in 
nm/V.  This will allow all subsequent measurements to be done in units of meters and 
Newtons giving precise control over the system.  Next, the spring constant of the 
cantilever is determined by using the thermal tune regime in the V8.10 software. 
 
Finally the tip radius is measured by scanning a gold nanoparticle standard with an 




      (1) 
where R is the tip radius, w is the apparent width of the gold nanoparticle and h is the 
height of the gold nanoparticle, which is assumed to be spherical.  Upon completion of 
this calibration procedure, the system is capable of collecting quantitative 
nanomechanical data.  The data is analyzed on-the-fly to produce the mechanical 
47 
	  
property channels from rapidly collected force curves.  The individual force curves are 
not saved as in classic force volume mode for further analysis.  This can be a potential 
drawback of the system as the only model available for calculating modulus is the DMT 
model, which may not be ideal for all systems, but is generally widely applicable. 
 
3.2.2 Ellipsometry 
Ellipsometry is a widely used indirect method to determine the thickness of a thin film as 
well as the optical properties, refractive index (n) and absorption (k).  Ellipsometry is also 
an absolute method in that it does not require standards for comparison.  Ellipsometry 
relies on the analysis of the changing polarization of an incident light wave reflected off a 
surface to obtain data which is then modeled to determine the properties of the film.  The 
values measured using ellipsometry are Ψ and Δ, parameters of the ellipse of the light 
wave which change with surface interaction, and are used to describe the complex 
reflectance ratio ρ.  This parameter is constructed from the Fresnel coefficients of 
reflection RP & RS that are present at each layer interface.  These coefficients are 
derived from the parallel (P) and perpendicular (S) light polarizations with respect to the 




= tan Ψ !!!     (2) 
 
Ellipsometric measurements were carried out using a JA Woollam M-2000U variable 
angle spectroscopic ellipsometer in reflection mode.  Angles of 65º, 70º and 75º were 
used over the wavelength range from 245 to 1000 nm.  All model fitting was done using 
the WVASE32 or CompleteEASE software.  Typical models were constructed with a 
silicon substrate layer followed by a native oxide SiO2 layer.  Standard optical constants 
were used for the native oxide layer and a nominal thickness value of 2 nm was used in 
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all cases.  All data were fit using a Cauchy model or Effective Medium Approximation 
(EMA) except where noted.  Psi and Delta plots along with the fitted model are shown as 
examples of standard ellipsometric data collected (Figure 3.3). 
 
3.2.3 XPS 
X-ray photoelectron spectroscopy (XPS) determines elemental composition of a 
materials surface by measuring the kinetic energy of electrons ejected from the surface 
by incident X-rays.140  The typical penetration depth is no more than 10 nm, making this 
a very surface sensitive technique, which can be augmented by sample etching to obtain 
data at different depths of the film.  XPS measurements were performed under high 
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vacuum using an M-PROBE Surface Science XPS and a Thermo K-Alpha XPS (Al Kα 
source) system utilizing charge neutralization.  Spectra were collected from 0 - 1300 eV 
at 1 eV steps at a spot size of between 300-800 µm and averaged over 5-15 scans for 
standard resolution.  High resolution scans were performed over the range of interest, 




Fourier transform infrared spectroscopy (FTIR) utilizes near and far IR radiation to excite 
the chemical bonds in a molecule which produce characteristic vibrations and certain 
wavelengths.  These can then be used as indicators of the type of chemistry present in a 
material.  FTIR measurements were conducted on a Perkin-Elmer SPECTRUM 2000 
FT-IR spectrometer in transmission mode and a Bruker FTIR spectrometer (Vertex 70) 
equipped with a narrow-band mercury cadmium telluride detector in reflection mode.141  
Samples for transmission FTIR were prepared on double sided polished silicon wafers to 
minimize the background signal.  Spectra was collected over the range of 500cm-1 to 
4000 cm-1 at 1 cm-1 resolution and averaged over repeated scans (typical 16 on the 
Bruker system and 1000 on the Perkin-Elmer system).  Background, baseline and 
atmospheric corrections were applied to the spectra. 
 
3.2.5 Electron Microscopy 
Measurements of film morphology and Janus particle structures were carried out on 
either a LEO 1530 field-emission or S-3400 N Hitachi thermal-emission scanning 
electron microscope (SEM) with operation voltage of 5-10 KeV.  All the samples were 
sputtered (5-10 nm) with gold and mounted on SEM stubs with conductive carbon or 
copper tape.  INCA energy dispersive X-ray spectroscopy (EDX) was used in 
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conjunction with the S-3400 SEM scans to determine the chemical composition with 
collection times of 300 seconds.   
 
Transmission electron microscopy (TEM) was also used to image gold nanoparticles and 
measurements were taken on a Phillips CM200 transmission electron microscope 
operating at 200 kV.  The samples were prepared by pipetting a single drop of 
nanoparticle precursor solution onto a 3 mm diameter copper grid previously coated with 
a carbon film prior to PECVD deposition of monomer (Electron Microscopy Sciences or 
Ted Pella, Inc.). 
 
3.2.6 Contact Angle 
All contact angle measurements were done with a KSV CAM 100 goniometer system.  A 
single drop of water (~2 µl) was placed on a thin film surface coating and observed 
optically.  The angle formed by the water drop relative to the surface was measured to 
assess the wettability and surface energy of the film. 
 
3.2.7 Quartz Crystal Microbalance 
Quartz Crystal Microbalance (QCM) measurements were carried out on a Masscal G1 
systems with nanocalorimetry enclosure.  Plasma polymeric coatings were deposited 
directly on QCM disks which were then placed in the QCM chamber.  The chamber was 
sealed and flow controllers used to adjust the inlet of water vapor to the system.  The 
profile was preprogrammed to automatically adjust the flow rate of wet nitrogen.  The 
change in mass of the polymer film was recorded as the atmosphere was adjusted from 




CHAPTER 4 : Facile Plasma Enhanced Deposition of Ultrathin 
Cross-Linked Amino Acid Films for Conformal Biometallization 
Reprinted with permission from Anderson, K. D.; Slocik, J. M.; McConney, M. E.; Enlow, J. O.; 
Jakubiak, R.; Bunning, T. J.; Naik, R. R.; Tsukruk, V. V. “Facile Plasma Enhanced Deposition of 
Ultrathin Crosslinked Amino Acid Films for Conformal Biometallization” Small 2009, 5, 741-
749. Copyright 2009 John Wiley and Sons 
 
4.1 Introduction 
Bioenabled methods are used to form inorganic coatings and nanoparticles composed of 
gold, silver, platinum, titania, silicates, calcinates and iron through the reduction of 
corresponding ions with biomolecules (DNA, amino acids, proteins and peptides), which 
act as nucleation sites, templates, and reduction agents.95,122,142,143,144,145,146,147,148,149  A 
wide range of applications makes the method extremely useful for directed assembly, in 
which a targeted surface can be coated with the biomolecules and exposed to a solution 
containing the desired ions to be deposited.  Reduction to form nano- and microparticles 
or even uniform coatings will only occur at activated sites on the deposited biorelevant 
layer.108,150,151,152  This coating method allows a directed placement of inorganic 
nanoparticles on a surface through direct nanoparticle formation on materials that may 
be otherwise difficult to coat.  Additionally, nanoparticles can be directed to form at 
specific locations on the surface by pattering the biomolecular layer during plasma 
deposition or by microprinting.153  This method of nanoparticle formation allows for more 
functional and diverse uses of hybrid nanomaterials in applications such as optical 
sensing and responsive materials.154 
 
It is well known that amino acids such as lysine, tyrosine, and dopamine are effective 
agents for the reduction of noble metal nanoparticles from solution, due to the amine and 
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hydroxy groups in the molecule that reduce gold directly from an ionic precursor 
solution.155,156,157  By coating a substrate surface with polytyrosine (pTyr), gold 
nanoparticles can be reduced directly from solution to a desired surface coverage 
density.114  Traditional techniques for fabricating these types of coatings include simple 
solution- and dip-casting, spin-casting, spin-assisted layer-by-layer (LbL) assembly, self-
assembled monolayer formation and Langmuir-Blodgett (LB) film formation.158,159  To 
achieve uniform coverage of inorganic nanoparticles on the surface, the substrate to be 
coated would have to be immersed in an aqueous amino acid solution for prolonged 
times or chemically modified with an additional LbL coating on an existing Langmuir 
monolayer.116,156,160,161,162,163,164  Such polyelectrolyte-assisted deposition of silaffin 
proteins was demonstrated to be an effective method for surface growth of 
monodisperse titania nanoparticles.129,141  Several inherent drawbacks of this approach 
stem from the extensive exposure of the substrate to salt solution which can potentially 
leading to swelling, partial dissolution, corrosion, or additive leaching.  In addition, 
prolonged exposure to aqueous solutions may lead to particle aggregation, non-uniform 
coverage, and surface defects.  By developing a rapid, one-step, solvent-free, conformal 
method for depositing, templating or mineralizing inorganics on surfaces, substrate 
materials not amenable to the traditional wet chemistry approaches may be utilized for 
mineralization. 
 
Polymerization of amino acids, including tyrosine, as well as the formation of synthetic 
polyamino acids has been readily demonstrated through wet chemical means.165,166  The 
method of in situ polymerization of tyrosine coatings proposed herein focuses on the 
utilization of plasma-enhanced chemical vapor deposition (PECVD) as a potential 
method to polymerize the tyrosine monomer in the plasma stream and directly deposit 
the pTyr on the surface.  This type of plasma polymerization reaction has been 
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previously demonstrated with various organic molecules and amino acids to form thin 
films that can also be easily patterned through the use of a mask secured on the 
substrate.31,167,168,169,170,171,172 
 
A major advantage of PECVD is that it allows dry tyrosine powder to be sublimed into 
the plasma stream and coated onto a variety of substrates, making the technique an 
alternative method to depositing tyrosine coatings through a wet chemistry approach.  
Another key advantage of PECVD is the dense, highly cross-linked conformal coatings 
over sharp corners, textured surface and patterns as opposed to direct film transfer or 
casting from solution which can result in delamination and defects in film coverage on 
such non-ideal surfaces.  Biometallization on PECVD modified surfaces demonstrates a 
bio-enabled coating method which has potential applications in the modulation of surface 
conductivity and catalytic properties through inorganic nanoparticle deposition.  The 
addition of inorganic nanoparticles can be used for the mediation of optical properties, 
micropatterning, fabrication of selective surfaces and other thermal and microsensing 
applications.173,174 
 
In this study, the plasma polymerization of tyrosine and formation of ultrathin conformal 
coatings on a variety of practical materials was demonstrated, making them capable of 
selectively binding and reducing gold nanoparticles onto various surfaces.  This method 
of tyrosine-coating formation allows the utilization of readily available L-tyrosine 
monomer to form highly cross-linked, robust, conformal and functionalized pTyr coatings 
in a simple, rapid one-step process that can be applied to a variety of substrates.  This 
type of coating method will allow virtually any object to be uniformly coated with a 
functional bioenabling layer, yielding an unlimited number of prospective applications 
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where nanoparticle reduction is needed and providing a universal fabrication method to 
achieve this. 
 
4.2 Experimental Details 
Materials. Standard silicon wafers were used as substrates.  Additional substrates used 
for deposition were cut from stock sheets of poly(tetrafluroethylene) (PTFE), 
polyethylene, polydimethylsiloxane (PDMS), polystyrene, woven silk fibers, glass, and 
nitrocellulose. 
 
The PECVD vacuum chamber was setup for plasma enhanced coatings by sublimation 
according to the established procedure 73,175  For best tyrosine film results, the chamber 
plasma was run at 60 W with an argon flow rate of 10 cm3/min (99.99% purity) at a 
pressure of  0.05 Torr for all tyrosine sublimation depositions.  Patterning of the tyrosine 
was done by securing a 1000 mesh (10 µm) copper TEM grid to the silicon wafer.  The 
deposition was carried out according to the listed procedure and the grid was removed 
upon completion.  Generally, the most influential parameters in this study were the 
applied power, monomer heating and chamber pressure.  A matrix of testing was done 
over the range of 20-80 W power, 0.05 – 0.2 Torr chamber pressure and 150 - 350 °C 
monomer heating. 
 
Gold chloride (HAuCl4) (30% Aldrich) was diluted in borate buffer (pH10) to a 
concentration of 0.1M.  This solution was then placed onto the PECVD-coated tyrosine 
film and allowed to absorb for a specified length of time between 1 and 5 days.  After 





4.3 Results and Discussion 
4.3.1 Film deposition 
In general, PECVD coatings have the advantage of being uniform across the surface 
with a minimum of defects and non-uniformities: the tyrosine films exhibited here were 
no exception.  PP-Tyr films deposited onto clean silicon wafers showed a uniform 
surface morphology over a 10 x 10 µm2 area (Figure 4.1 A).  Higher resolution imaging 
at 1x1 µm2 showed surface features of a distinctive morphology composed of many 
small, distinct needle-like domain structures (~50-100 nm in length and diameter below 
10 nm) (Figure 4.1 B).  These features correspond to the PP-Tyr films shown in Chapter 
6 as well.  No dewetting of the films was seen after removal from the deposition 
chamber, indicating that the deposited tyrosine is stable on the substrate and not prone 
to delamination owing to internal stresses.176,177  The PECVD tyrosine films were robust 
and were not easily removed from the silicon mechanically or in solution.  The films 
performed well under a tape test as they did not show significant change when tape was 
applied to the film and removed.  The PECVD tyrosine films were also observed to be 
very smooth as indicated by a surface roughness of 0.4 nm over a 1 x 1 µm2 surface 
area (Figure 4.1 B).  Under PECVD conditions, any part of the substrate that is facing 
perpendicular to the plasma stream was seen to be uniformly coated. 
 
The tyrosine monomer was directly sublimed from the solid phase, with no modification, 
into the plasma stream, and is deposited on the substrate surface while undergoing 
considerable chain growth and cross-linking, both of which help to create stable, robust, 
and conformal ultrathin films on the surfaces.  Monomers that are exposed to the high-
energy plasma field under an inert atmosphere form reactive species, as previously 
described, allowing the radicals to react chemically with each other as they are 
polymerized and cross-linked into a network during deposition.26,178,179  These films 
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frequently exhibit unique physical properties that are controlled through the variation of 
system parameters such as chamber pressure, power, argon flow rate and deposition 
time.1,29,51,180,181  Many samples were made under different deposition conditions to 
optimize thickness and uniformity of the films.  The thickness of the film was controlled 
through the variation of the deposition time (typically 8-12 min) at the optimized 
temperature, pressure and argon flow rate listed.  This gives a degree of control over the 
film formation, but it is still subject to the random nature of the plasma stream.  The 
same deposition conditions were maintained for different deposition times and 
characterized thickness and microroughness.  Typical film thicknesses were measured 
Figure 4.1:  A) 10x10 µm2 and B) 1x1 µm2 AFM topography (left) and phase (right) of 
PECVD tyrosine film on silicon substrate prior to exposure to HAuCl4.  Z = 5 nm for 
topography and 5º for phase in both images. Typical thickness and microroughness for 
the samples was 120 nm and 0.4 nm, respectively. 
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by ellipsometry to be between 100 and 150 nm with the microroughness from 1 x 1 µm2 
images varying from 0.4 to 1 nm, depending on the particular sample. 
 
The tyrosine coatings that were created were observed to be robust and resistant to 
mechanical wear and exposure to aqueous gold chloride solution.  Preliminary 
observations of the films showed that they were stable under mild rubbing and not easily 
dissolved, even in solutions with high pH values.  It is essential that the film be stable 
during the reduction of gold and that it remains intact for the duration of the exposure to 
solutions.  Film stability is critical to the subsequent biometallization process, so that the 
film will not delaminate from the substrate or dissolve in the solution when exposed to 
aqueous gold chloride.  Delamination and film instability were seen in some films made 
under non-optimized chamber pressure conditions. 
 
4.3.2 Composition of PECVD films 
During deposition of the tyrosine monomer it was critical to determine what, if any, 
changes occurred in the chemical structure of the molecule as a result of heating and 
interaction with the plasma field followed by deposition onto a solid substrate.  As the 
reduction of gold is dependent on key functional groups, such as the amine and hydroxy 
groups of the tyrosine molecule, these components must remain active on the surface of 
the film after plasma deposition for the effective reduction of the gold nanoparticle.182,183  
If critical functional groups were cleaved or rendered nonfunctional, the ability of the film 
to reduce gold nanoparticles may be diminished or negated. 
 
FTIR measurements on the solution-cast tyrosine film, plasma deposited tyrosine film, 
and spin-cast pTyr film were conducted to elucidate the similarity of their chemical 
composition (Figure 4.2, Figure 4.3).  The absorption peaks were assigned to key 
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chemical groups of the plasma polymerized tyrosine using ACDLABS peak assignment 
software as well as comparison of known literature data.26,184,185  For instance, NH2 out-
of-plane bending is seen at 829 cm-1, in conjunction with a C-H stretch from the aromatic 
ring.  The spectral shift from 876 cm-1 of this peak in L-tyrosine closer to the 826 cm-1 
seen in pTyr, is a key marker that polymerization of the tyrosine monomer is indeed 
occurring.  This shift is most likely caused by the amide bond formation, which occurs as 
the monomer polymerizes, and is similar to that observed in pTyr (Figure 4.2). 
 
This observed peak also leads us to infer that the amine group was retained in the 
plasma polymerized tyrosine and is present on the surface coating.  The presence of 
bands for aromatic rings in the FTIR spectrum is another strong indication that tyrosine 
remained, to great extent, intact during deposition and did not undergo significant 
decomposition upon heating and exposure to the plasma.  The peak seen in the PECVD 
tyrosine spectra at 1246 cm-1 corresponds to the bending OH vibration in the ring 
structure while the 1332, 1515 and 1614 cm-1 peaks arise from the C-C double- and 
single- bond vibrations found in the aromatic ring.  The peak for the alcohol group of the 
ring structure is seen at 3205 cm-1, and a broad amine peak is seen at approximately 
3000 cm-1.  These peaks remain for the most part consistent between the three different 
Figure 4.2:  Chemical structure of L-tyrosine monomer and pTyr. 
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spectra, indicating no dramatic changes and main bond cleavage in the structure of the 
tyrosine monomer.  The structural determinations of the different tyrosine samples using 
FTIR were consistent with the chemical structure of pTyr known from the literature.165  
The spectra indicate that the monomers did not undergo complete dissociation during 
the plasma deposition.  Much of the same chemistry was seen between each spectra as 
expected with several changes as noted, indicating slight changes in the molecules as 
Figure 4.3:  A) FTIR of films from PP-Tyr (top), L-tyrosine (center), and pTyr (bottom).  
B) High resolution XPS of carbon bonding in PP-Tyr.  

















































































they undergo radicalization and cross-linking.  Differences were generally seen most 
often in portions of the spectra associated with different end groups on the monomer, 
which may tend to radicalize more easily.  From this it is inferred that the L-tyrosine 
monomer undergoes random cross-linking and network formation as the film is 
polymerized on the substrate, yet still maintains the chemical functionality needed for the 
reduction of gold.  Monomers become reactive after exposure to the plasma stream 
through the formation of ions and free radicals.  The statistical majority of ions and free 
radicals are formed from the most reactive functional groups in the system.  Owing to the 
random nature of the plasma, cross-linking becomes a statistical phenomenon, and a 
single reaction mechanism does not encompass the scope of the reactions that can 
occur at any radicalized, available site on the growing PP-Tyr network.26  This process 
leads to a network formation in the PP-Tyr film which consists of many random cross-
links and monomer fragments that do not always occur as predicted in theoretical 
models. 
 
High resolution XPS spectroscopy (Figure 4.3 B) of the PP-Tyr film shows the expected 
presence of carbon-carbon (285.2 eV), carbon-nitrogen (286.5eV) and carbon-oxygen 
(289.0 eV).  These peaks are determined through de-convolution of the high resolution 
carbon peak.  These peaks indicate that the general integrity of the monomer is 
maintained, specifically with the presence of a signal representative of C-N, which is 
expected to be a bonding site as the polymer network is formed.  If no evidence of C-N 
bonding had been seen, this may have been an indication of the dissociation of the 
monomer, but its presence indicates that this site remained in the system and is likely a 
key bonding location as evidenced by FTIR.  Additionally, the evidence of C-O presence 
further indicates the intact nature of the monomer as the OH group remains attached to 
the ring structure.  The use of the plasma is intended to catalyze the formation of 
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radicals on the monomer while at the same time preserving the structure.  At lower 
power settings this is possible and is critical to the construction of the final films.  If these 
bonds were not observed, it would be an indication that the power applied during the 
plasma deposition was too high and was destroying a majority of the bonding in the 
monomer. 
 
Optical characteristics of the PECVD tyrosine film were measured by spectroscopic 
ellipsometry and modeled with a Cauchy fit.  The measured real refractive index, n, for a 
PECVD film of 120-nm thickness showed conventional behavior decreasing from 1.65 in 
the UV range to 1.55 at longer wavelength close to near-IR (Figure 4.4).  At a 
wavelength of 543 nm the refractive index was relatively high, n = 1.59 (Figure 4.4).  
This value is much higher than traditional values for conventional synthetic polymers and 
corresponds to reported values of the refractive index for tyrosine crystals with a high 
packing coefficient.184  This confirms dense local molecular packing of tyrosine residues 
within the PECVD coatings.  Notably, the PP-Tyr film showed a higher refractive index 
than the spin-cast pTyr film with similar wavelength-dependent dispersion which 
decreased at longer wavelengths.  This difference confirmed the PECVD tyrosine film 
Figure 4.4:  A) Refractive index n and B) absorbance coefficient k of PECVD tyrosine 
coating and spin-cast pTyr films from 245 to 1000 nm. 































































was more densely packed and cross-linked than the spin-cast film of pre-polymerized 
monomer. 
 
The optical absorbance coefficient, k, which represents the imaginary component of the 
complex refractive index, is also found to be very low for both spin cast and PECVD 
tyrosine films, but much more so for the PECVD film (Figure 4.4 B).  This indicates that 
at wavelengths greater than 400 nm, the films possess little optical absorption and are 
highly transparent.  For example, at wavelength 542.7 nm, k=0.011 for the PECVD film 
and k=0.012 for the spin-cast pTyr film.  Significant absorption is detected only in the UV 
region and can be associated with the presence of the phenyl ring with a UV-absorption 
band at around 250 nm.186,187  At λ= 250 nm, k is significant, reaching 0.10 for the 
Figure 4.5:  A) Diagram of free-standing film fabrication process B) Large scale optical 
image of free-standing film on Cu TEM mesh C) Free-standing PP-Tyr on Cu TEM 
mesh D) SEM micrograph of PP-Tyr film on Cu mesh at high magnification showing 
freely suspended material. 
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PECVD film and 0.12 for the spin cast pTyr film.  Because of this low absorbance in the 
visible wavelength regime, these PP-Tyr films can be used in optical applications that 
require optical transparency.  The results presented herein demonstrate that the 
formation of polymerized, highly cross-linked tyrosine networks readily occurs under the 
deposition conditions utilized.  The plasma stream will impart enough energy to activate 
reactive sites (NH2 and CO groups) on the L-tyrosine monomer and allow reactive 
species to form in the plasma which will polymerize and crosslink as they are deposited 
on the target substrate. 
 
In addition to the stable PP-Tyr films deposited on silicon wafers, the same films show 
remarkable robustness as they are capable of forming free-standing structures.  The 
fabrication of free-standing PP-Tyr films has been demonstrated by depositing the 
monomer on a sacrificial PS layer which is then dissolved in toluene releasing the pure 
PP-Tyr film (Figure 4.5 A).  This is an excellent demonstration which shows that the films 
are robust and survive washing and transfer from one substrate to another.  While the 
example shown looks at films transferred to clean silicon wafers and copper TEM grids, 
it is also very easy to transfer these films to any number of other substrates, such as 
PDMS.  The films are observed to be freely suspended over the copper mesh and to 
have undergone folding during the release and transfer (Figure 4.5 B, C, D).  This 
evidence implies that the films are mechanically robust yet flexible enough to support a 
high degree of folding.  The mechanical stability of free-standing PP-Tyr films is believed 
to be a result of the high degree of cross-linking, which creates a self-supporting network 
in the plasma polymer film. 
 
AFM comparison of the free-standing PP-Tyr films to the films deposited directly on 
silicon showed similar characteristics of smooth, uniform films indicating that the films 
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did not experience significant change or degradation upon exposure to toluene.  Both 
films show very similar surface morphologies and low surface roughness, which 
indicates that very little effect of the solvent rinse is seen on the film.  The surface 
roughness was measured at 0.4 nm over a 0.5 x 0.5 µm2 area for the PP-tyr deposited 
Figure 4.6:  A) 1x1 µm2 AFM topography (left, Z= 5 nm) and phase (right, Z= 5º) of PP-
Tyr on silicon and B) PP-Tyr (Z= 4 nm, 15º) after release from PS sacrificial layer and 
transferred to a new silicon surface.  C) Cross-section of free-standing PP-Tyr after 
transfer showing the thickness of the film (Z= 1.1 µm). 
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directly on silicon and is comparable to a roughness of 0.3 nm  over a 0.5 x 0.5 µm2 area 
for the free-standing PP-Tyr film after transfer to a new substrate (Figure 4.6 A, B).  The 
evidence that little change is seen in the films morphology and structure will become 
important in Chapter 7 as well, with the washing and releasing of plasma coated 
microparticles.  This experiment aims to analyze the proof of concept that plasma 
polymer films are robust, able to be processed in a solvent environment and 
mechanically robust after dissolution of the supporting layer with little change observed 
in the PP-Tyr film itself.  The ability to fabricate free-standing films of amino acids could 
have potential applications in biological sensors, filters or coatings of devices and 
implants.   
 
The film thickness as measured by AFM height measurements was approximately 600 
nm in the example shown (Figure 4.6 C, D).  The thickness appears to be consistent 
over several measured locations on the film.  The PP-Tyr film shows a distinct difference 
in the AFM phase channel from the silicon substrate it was transferred to after being 
released from the sacrificial PS layer.  The cross-section analysis shows an accurate 
measurement of the thickness of the film.  It was observed that thicker films were 
typically more robust and easier to transfer from one substrate to another.  Films that 
were very thin (<100 nm) would sometimes lose structural integrity during the transfer.  
Increasing the films thickness was the easiest way to create more stable films; however, 
the plasma conditions could be adjusted to increase the cross-linking which would also 
serve to make the free-standing films more stable. 
 
4.3.3 Biometallization on PECVD tyrosine 
Gold nanoparticles were reduced on the PP-Tyr film by placing a solution of gold 
chloride (HAuCl4) diluted in borate buffer on the film and allowing reduction to occur over 
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a time period of 1-5 days.  Two distinct sizes of gold nanoparticles were seen on the 
surface.  The small gold nanoparticles were typically within a 1-5-nm diameter range and 
were uniformly distributed on the surface at a high density (Figure 4.8 A, B).  These 
small particles corresponded to the beginning stages of the formation of larger structures 
as detailed previously.  These images show the stark contrast between the unmodified 
PP-Tyr surface and the surface after gold nanoparticle reduction.  While the changes in 
the surface morphology are indicative of the formation of gold nanoparticles, the phase 
image provides further information (Figure 4.8 A, B right).  It is clearly evident in the 
phase image that the features on the surface have different mechanical characteristics 
than the surrounding background area as they clearly stand out from the surface.  If the 
Figure 4.7:  Analysis of gold nanoparticles after reduction on PECVD tyrosine film. AFM 
images A) 2x2 µm2, Z=15 nm and B) 3D 1x1 µm2, Z=15 nm.  C) Histogram of particle 
size distribution on tyrosine surface.  D) Sample of cross-section analysis from AFM 
image showing measured height of the nanoparticles. 
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features seen were simply occurrences of PP-Tyr, it is expected that there would be little 
to no change in the phase image, but since a distinct contrast is seen, it is likely that the 
change arises from the gold nanoparticles on the surface.  From this, it is inferred that 
the small particles are composed of gold, however, direct measurement of a single 
particle composition by EDX or XPS was not possible due to the size of the features. 
 
AFM cross-section analysis of the nanoparticles was used to determine the average 
nanoparticle diameter.  This method was applied to the entire area to determine the 
number and average size of nanoparticles on the surface (Figure 4.7 A and B).  The 
Figure 4.8:  AFM of gold nanoparticles reduced on a PP-Tyr surface.  A and B) 
Topography (left) Z=15 nm, Phase (right) Z=50º. 
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particle size of the small gold nanoparticle distribution obtained from cross-sections was 
relatively narrow, yielding an average diameter of 2.2 ± 1 nm (Figure 4.7 C and D), 
tracked over about 200 particles on six different samples.  Larger gold clusters were 
observed on the surface occasionally, with sizes up to 30 nm (Figure 4.7 B).  These 
larger clusters represent the agglomeration of many small particles on the surface and 
may eventually become more ordered as the mineralization process progresses.  These 
larger geometric gold shapes were imaged via AFM and SEM and were capable of 
providing compositional information via EDX.  EDX spot analysis of the particles reduced 
on the surface confirms gold (Figure 4.9).  A representative AFM image shows the gold 
nanoparticles and platelets on the PP-Tyr surface (Figure 4.9 B).  These particles are 
also clearly seen via SEM, which allows them to be targeted for EDX sampling.  No gold 
Figure 4.9:  Compositional analysis of gold nano particles and plates.  A) EDX spectra 
showing the presence of gold on the surface.  B) AFM of gold nano plates on a PP-Tyr 
surface.  C and D) SEM micrographs showing larger gold structures on the PP-Tyr 
surface in addition to nanoparticles. 
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signal is observed in areas surrounding the gold nanoparticles indicating that the only 
deposition of gold is occurring at specific sites and not at every point across the surface.  
Examples of these features seen in SEM show clearly that the platelets can form larger 
features on the surface, up to approximately 5 microns in size (Figure 4.9).  This is 
typically the final phase of mineralization where many small aggregates cluster to form 
larger, ordered structures (Figure 4.9 C and D).  The examples shown represent the 
entire range of possible surface formations following this type of mineralization process. 
 
Additional imaging of the gold nanoparticles was done via TEM which showed a high 
density of gold nanoparticles on the PP-Tyr surface (Figure 4.10).  These samples were 
prepared by directly plasma polymerizing tyrosine on TEM grids coated with a carbon 
film to support the polymer deposition.  The visible gold nanoparticles ranged in size 
from 5 nm for individual particles to over 100 nm in size for larger, agglomerated 
particles.  Distinct shapes were observed as the particles grow in size and begin to form 
a more ordered long-range structure.  A high density of particles was observed over the 
larger area image which shows that particles tend to form broadly across the surface of 
Figure 4.10:  TEM micrographs of gold nanoparticles on PP-Tyr after mineralization.  
A) low and B) high magnification images. 
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the PP-Tyr film and have a large variation in size distributions, which is in agreement 
with the AFM and SEM studies previously conducted. 
 
4.3.4 Micropatterning of Tyrosine Coatings 
Patterning of the tyrosine during plasma deposition was done by securing a 1000-mesh 
TEM grid with 10 x 10 µm2 square openings to the substrate to act as a mask during the 
PECVD deposition.  This method allowed regular patterns to be created on the silicon 
surface across the entire masked region (Figure 4.11 A and B).  AFM section analysis of 
the patterned area shows that the peak height of the square tyrosine regions was 80 nm 
Figure 4.11: Micropatterned tyrosine films: A) patterned tyrosine 35 x 35 µm2 scan Z = 
230 nm. B) 3D scan of patterned area shown in A).  C) Cross-section analysis of 
patterned area showing heights of regions. 
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(Figure 4.11 C).  The four missing squares were caused by defects in the grid that 
prevented polymer deposition.  This selective deposition demonstrates the ability to 
introduce, control, and reproduce changes to the patterned system with the mask during 
deposition (Figure 4.11 C). 
 
After exposure of the patterned tyrosine substrate to the gold chloride solution, it was 
seen that these patterns are capable of selectively reducing gold nanoparticles on the 
tyrosine-coated regions while leaving the areas of exposed silicon relatively clean and 
free of nanoparticles, which creates density controlled regions of gold nanoparticles 
selectively reduced on the surface of the square PP-Tyr coated areas (Figure 4.12 A and 
Figure 4.12:  AFM images of gold nanoparticles grown on micropatterned film: A) Z = 
60 nm, B) Z = 90 nm, C) Z = 60 nm. Height of gold nanoparticles measured is 33 nm. 
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B).  The nanoparticles observed in these regions were 20-30 nm nanoparticles which 
match the results seen on the uniform tyrosine films along with larger gold aggregates 
which were also present (Figure 4.12 C). 
 
The small feature sizes of the patterning resulted in some delamination of the tyrosine 
film during removal of the mask and exposure to the gold chloride solution (Figure 4.12).  
This delamination primarily occurred at the edges of the squares and was evidenced by 
the non-uniformity of the coating between the squares.  As the TEM grid was secured 
only around the edges to the substrate, there was some tyrosine that permeated under 
the masked area leaving a thin residual film in the valleys between the raised areas with 
a thickness of less than 10 nm.  These are weaker regions that are prone to de-
lamination. 
 
4.3.5 Alternative substrates for PECVD tyrosine coatings 
By using PECVD to deposit tyrosine, functional coatings were fabricated on not only on 
atomically flat silicon wafers, but also on specimens of commercial PTFE and 
nitrocellulose (discussed here) along with PDMS, polystyrene, glass, woven silk and 
polyethylene.  The specimens coated represent a wide range of conventional plastics.  
The results for these materials were favorable and warrant further study into their 
specific coating and reduction potential, which would be valuable.  Through further 
study, a determination of where the limits of this coating technique lie may be made.  It 
has been observed that PECVD is a faster coating method and offers more complete 
coverage than solution treatment with pTyr as seen in comparative experiments.  While 
all samples tested supported stable plasma coatings and gold reduction, PTFE and 
nitrocellulose are characterized here for preliminary studies since they proved promising 
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and provided the clearest optical images of the coating and reduction process (Figure 
4.13). 
 
By demonstrating the ability to make robust PP-Tyr coatings and gold nanoparticles on 
different surfaces, there exists the potential for the reduction of metal nanoparticles on 
surfaces not previously seen to support such types of growth and attachment.  Four 
samples were prepared including: a bare substrate, a bare substrate exposed to a 
solution of gold chloride, tyrosine deposited on the substrate, and the tyrosine coated 
substrate exposed to gold chloride.  The reduction of gold chloride resulting in gold 
nanoparticles on the surface by the tyrosine is evidenced by a color change between the 
samples of tyrosine coated and uncoated nitrocellulose exposed to gold chloride.  A 
Figure 4.13:  Optical images of nitrocellulose (left) and PTFE (right) coated with 
tyrosine coating and exposed to gold chloride. The unmodified substrate is first 
exposed to the gold solution with no tyrosine coating. A PECVD coating of tyrosine is 
placed on the blank substrate and exposed to gold chloride. This visibly highlights the 
reduction of gold nano- particles on the surface by the tyrosine. 
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drastic change in color is seen in the tyrosine-coated surface, where a deep red color is 
observed, in contrast to almost no color change on the uncoated sample (Figure 4.13).  
Differences are also evident on the samples that have not been exposed to gold 
chloride.  Both the tyrosine-coated nitrocellulose and PTFE were seen to be a light 
yellow, whereas the uncoated samples were white.  This is a striking example of the 
effectiveness of plasma deposited tyrosine at reducing gold nanoparticle across an 
entire surface. 
 
To confirm the presence of the tyrosine film and gold nanoparticles on the PTFE, 
nitrocellulose and silicon substrates, XPS analysis was also conducted.  Examples of 
spectra obtained from the tyrosine coating with reduced gold nanoparticles on silicon 
and PTFE clearly show distinct peaks for gold and nitrogen (Figure 4.14 A and B, Table 
4.1).  The essential marker from the tyrosine is the nitrogen indication from the N 1s 
peak which is derived from the amine group of the tyrosine.  Au 4f and Au 4d are seen 
on the samples only after tyrosine has been deposited and the sample exposed to gold 
chloride.  The blank substrates exposed to gold chloride show no gold except in the case 




































































Tyr+Au on PTFEA B 
Figure 4.14:  A) XPS of PP-Tyr after reduction of gold on silicon.  B) XPS of PP-Tyr after 
the reduction of gold on a PTFE substrate. 
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of nitrocellulose, which is capable of a small amount of reduction on its own (Table 1).  
However, gold chloride reduction is much more pronounced after the addition of the 
tyrosine.  The control samples of the other blank substrates exposed to gold chloride do 
not show the presence of gold, which indicates that reduction of gold chloride and 
formation of nanoparticles is a direct result of the tyrosine present on the surface and not 
only the substrate functionality.  The small amount of chlorine detected was a result of 
the exposure to the gold chloride solution. 
	  
Table 4.1:  Atomic percentages showing composition of films on PTFE, nitrocellulose 
and silicon by XPS.  The spectra of the uncoated substrate, the uncoated substrate 
exposed to gold chloride solution (+Au), the substrate coated with tyrosine via PECVD 
















F 1s Cl 
2p 
PTFE - - 42.6 4.2 - - - - - 53.0 - 
PTFE + Au - 0.3 32.3 2.8 - 0.1 - - - 63.6 - 
PTFE + Tyr 4.7 4.3 47.1 16.5 4.1 - - - - - - 
PTFE + Tyr + Au - 3.7 38.4 29.4 2.7 4.4 3.6 5.3 3.7 3.5 1.6 
Si - 36.7 17.7 32.5 - - - - - - - 
Si + Au - 31.7 17.5 30.7 - - - - - - - 
Si + Tyr - 5.4 70.1 19.7 3.4 - - - - - - 
Si + Tyr + Au - 28.7 21.5 27.5 - 0.5 0.4 0.5 - - - 
Nitrocellulose - - 53.0 38.8 7.3 - - - - - - 
NC + Au - - 46.6 40.6 8.5 0.6 0.4 1.3 - 53 - 
NC + Tyr 0.9 0.7 52.2 17.0 5.6 - - - - - - 
NC + Tyr + Au - - 53.7 24.0 6.4 2.0 2.0 2.4 - - 3.0 
 
This analysis demonstrates the effectiveness of PECVD for tyrosine deposition and 
shows that the resulting film has good adhesion to many substrates, enabling the 
reduction of gold nanoparticles on these surfaces.  This type of coating-reduction system 
allows simple surface modification and has many potential applications in tunable optical 
coatings and chemical detection.  It is suggested that tyrosine plasma coatings can 
potentially be applied for gold reduction to many other substrates as well, offering a wide 






This study shows that PECVD provides a facile method for the deposition of PP-Tyr for 
biometallization.  Smooth, conformal and uniform films were created quickly and reliably 
with this method.  Additionally, PECVD is a one-step coating process that completely 
eliminates the need for any wet chemistry in the fabrication of the tyrosine film since the 
solid monomer can be heated and sublimed directly into the plasma stream during 
deposition.  The plasma deposition method described results in a highly cross-linked 
tyrosine coating on the substrates, which contributes significantly to the stability and 
robustness of the films. 
 
The PP-Tyr films show excellent robustness when exposed to gold chloride solution for 
biometallization, demonstrating the versatility and durability of this surface coating 
technique for biometallization on a variety of substrates from silicon to PTFE.  Patterning 
of the tyrosine films demonstrates that the PECVD-mask system combination is an 
effective method to create patterned regions on the substrate that are capable of 
selectively reducing gold nanoparticles on the surface.  These results demonstrate the 
potential for precisely directing the areas of gold nanoparticle growth that can be 
controlled simply by the mask.  While only square patterns were created and studied 
herein, there is a much larger range of potential shapes and patterns that can be created 
and this method could possibly be extended to such complex shapes as seen in micro- 
and nano-scale photolithography patterning. 
 
This type of inorganic reduction can be extended from gold nanoparticles to other 
minerals and metals by using different amino acids and peptides to make PECVD films. 
Robust PECVD films can potentially be made from a number of different monomers and 
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even short peptides, each selected for a specific function and binding ability.  Mixtures of 
amino acid monomers or selective patterning during deposition can potentially be used 
to deposit several different types of inorganic material on or in close proximity to one 
another, allowing different metal nanoparticles and bimetallic materials to be precisely 
placed to tune optical or conductive properties.  Plasma polymerized polyamino acid 
coatings have a great potential for tunable organic/inorganic composite material 
fabrication since the inorganic reducing amino acid monomer can be conformally coated 
onto many substrate.  Functionalized PECVD films that allow biometallization may see 
applications in tunable optical device layers, wavelength-specific filters and selective 
surfaces for optical and sensing applications such as stacked layers that act as broad-
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5.1 Introduction 
Surface functionalization is frequently used to alter or enhance the desired response in 
organized organic and inorganic structures in order to tailor their optical properties, 
reactivity, mechanical strength, surface wettability, biocompatibility, sensing ability, and 
photovoltaic capability.188,189,190,191,192,193,194,195,196,197,198,199,200,201,202,203,204,205  Some 
systems currently studied make use of the active sites on biological molecules, which 
supports the reduction of inorganic compounds directly from solution onto the 
surface.44,141,206,207,208  This approach allows the direct modification of surface properties 
through tailored wet-chemistry nanoparticle reduction from precursor solutions on 
properly functionalized substrates.  On the basis of these systems, new bottom-up 
techniques can be developed for material fabrication or surface enhancement via 
surface protein and peptide mediated synthesis.95,209,210,211,212 
 
Mimicking a naturally occurring biomineralization process has promising implications for 
biomimetic engineering.  A variety of different metal-binding synthetic macromolecules, 
proteins and peptides have been demonstrated to effectively form inorganic 
nanoparticles from precursor solutions and bind them to a functionalized surfaces where 
an excess of the protein or amino acid is properly tethered.113  Functionalized polymeric 
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materials, such as poly(ethyleneimine) and multifunctional hyperbranched molecules, 
have been demonstrated to be effective in the reduction of silver and gold nanoparticles 
as well.115,116 
 
Many examples of this bioenabled approach have been demonstrated, the use of 
biological and synthetic macromolecules for the controlled formation of gold 
nanostructures; tyrosine, AG3 and AG4 peptides for the reduction of silver nanoparticles; 
and cysteine for obtaining platinum nanostructures.95,122,117,118,119,120  As is known, 
proteins and peptides with higher concentrations of charged amino acids (e.g., arginine, 
lysine) are also effective in the reduction of titania nanoparticles.123,124,125,126  Additionally, 
histidine amino acids with their high concentration of amine groups, are considered to be 
potential precursors for titania reduction, enabling nanoparticle formation from aqueous 
solution onto the surfaces.95,127  The rSilC protein is one such class which has been 
demonstrated as being effective at functionalizing surfaces for the formation of large 
titania structures and nanoparticles in both bulk solution and at surfaces. 128,129 
 
This study focused on developing the direct growth of an inorganic phase as a method to 
modify the optical properties of a polymeric substrate and periodic structures by the in-
situ growth of high-refractive index materials.  This may enable polymeric thin films, both 
single and multi-layer, which will potentially possess a high contrast in refractive index.  
Using an active layer for the nanoparticle reduction enables the prospective high-
refractive index material to be grown directly on the final configuration.  Many previous 
studies have used high refractive index materials, such as titania, in one-dimensional 
photonic structures due to the large refractive index it affords compared with many other 
materials.16,27,213,214,215  Various methods including atomic layer deposition, chemical 
vapor deposition and sol-gel processes have all been employed to create the inorganic 
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conformal nanocoatings.94,216,217  However, most of these techniques require high 
temperatures, result in incomplete filling or clogging of the structures or promote their 
disintegration and collapse. 
 
In this study, a histidine monomer for the fabrication of robust and uniform nanocoatings 
capable of forming titania nanostructures on different substrates.  The sublimation 
PECVD technique is used in this study.  It has proven to be a reliable method for 
creating ultrathin robust coatings quickly and over a large area while retaining 
functionality.12,26,218  Our recent work has shown that PECVD is well-suited for the 
sublimation of powdered amino acids and their deposition on target substrate in the form 
of cross-linked nanocoatings.33,44  Using a similar process, the capability of the plasma 
polymerized histidine for the reduction of titania nanoparticles onto both flat substrates 
and periodic porous polymeric structures is shown here.219,220,221  The formation of 
uniform individual titania nanoparticles on plasma deposited histidine (PP-His) 
nanocoatings on both smooth substrates and in a highly conformal manner on periodic 
porous polymer structures fabricated by interference lithography is demonstrated.   
 
5.2 Experimental 
Synthetic amino acid monomer, L-histidine (Sigma), was purchased and used without 
further modification for all plasma depositions.  A temperature of approximately 200 ºC 
was applied to the L-histidine monomer and then slightly reduced, once sublimation had 
begun in order to sustain the heating while giving the monomer a longer time to sublime.  
The histidine amino acid was in powder form and was placed in a tantalum heating boat 
in the PECVD chamber and kept under high vacuum for 20 minutes prior to deposition.  
All histidine sublimation procedures were carried out according to the well-established 
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routine with a chamber pressure of 0.02 torr, Argon (99.99% purity) flow rate of 10 
cm3/min and RF power applied at 50 W.44,51,73 
 
The fabrication process is shown along with chemical structures of the compounds used 
in this study (Figure 5.1).  The dry histidine monomer was deposited in a custom built 
plasma chamber through the direct sublimation of the solid monomer into the plasma 
stream.44  As the dry monomer was heated and sublimed into the plasma stream, 
smooth, conformal films were formed on the substrates.  All substrates were placed 
perpendicular to the plasma stream and were rotated to ensure uniform coverage during 
the deposition.  Upon removal from the plasma chamber, the plasma polymerized 
histidine (PP-His) coated substrate was immersed in a titanium(IV) bis-(ammonium 
lactate) dihydroxide (TiBALDH) solution to allow mineralization to occur.  After removal 
of the substrate from the TiBALDH, it was rinsed with Nanopure water and dried under 
nitrogen. 
 
Figure 5.1:  The fabrication process beginning with sublimation of histidine amino acid, 
followed by immersion into precursor solution, and resulting in growth of titania 
nanoparticles.  The chemical structures of L-histidine (left top), pHis (left bottom) and 
TiBAHLD precursor (right) are shown as well. 
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A 2 M TiBALDH (Aldrich) was used for all particle reduction experiments.  The TiBALDH 
solution for mineralization was prepared by diluting this into two separate solutions, one 
with buffer and one with Nanopure water.  0.5 M phosphate citrate buffer was prepared 
and used at pH 7 to dilute the TiBALDH to a final concentration of 2 mM.  Both solutions 
(water and buffer) were mixed at a 3:500 volume ratio and mixed thoroughly before the 
histidine coated wafers were immersed.  Samples were exposed to the solution for 
different lengths of time ranging from 1 to 24 hours and then removed, rinsed twice, and 
dried under a stream of dry nitrogen.  In some cases, reduce film thickness may result 
from washing due in part to unbound monomer being removed form the surface during 
this step.  The exposure of the film to the TiBALDH solution was used as the washing 
step in these procedures.  Periodic porous polymer SU8 templates (epoxy based 
negative photoresist) fabricated using multi-beam IL according to published procedures 
have been supplied by the Thomas lab.219  The materials platform consisted of Epon-
SU8 (Miller Stephensen) as a photoresist (a multi-functional epoxy derivative of a 
bisphenol-A Novolac) and H-Nu 470 (Spectra group) as a photosensitizer. 222,223 
 
5.3 Results and Discussion 
5.3.1 Plasma Polymerized Histidine Films 
The PP-His deposited film was smooth and pinhole free with a surface microroughness 
of 0.3 nm over a 1 x 1µm2 surface area (Figure 5.2).  This histidine film morphology is 
similar to plasma polymerized ultrathin films from various monomers showing smooth, 
defect free structures which uniformly coat the target surface.  At higher magnification, a 
very fine grainy texture is observed which is characteristic of plasma polymerized films 
with a random cross-linked network of polymerized segments.33,51  The thickness of the 
film was typically 150-200 nm and was controlled through the deposition time and the 
amount of material used.  The films did not delaminate from the substrate upon removal 
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from the plasma chamber and subsequent exposure to air.  The plasma polymerized 
histidine films were also stable under light mechanical abrasion and showed good 
adhesion to the substrate.  However, the PP-His films did not show the same robustness 
when immersed in water as they tended to partially dissolve, indicating there may not be 
complete network formation occurring.  A very thin (few nanometers) residual surface 
layer of histidine is preserved after exposure to the precursor solution thus facilitating 
further titania forming routines. 
 
After plasma deposition of the histidine, the resulting chemical structure was compared 
Figure 5.2:  Plasma-polymerized histidine films deposited on silicon wafers show 
smooth and uniform surface morphology. AFM images show topography (left) and 
phase (right) at different magnifications (both images) with (a) Z = 5 nm height and 10° 
phase and (b) Z = 3 nm height and 10° phase. 
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to a solution-cast film of histidine to verify that the PP-His film retained functional groups 
necessary for titania formation, namely the amine functional groups (Figure 5.3).114  
FTIR spectra show that key functional groups are retained after the polymerization 
process but there are some notable differences indicating that significant chemical 
changes occur (see peak positions and assignments in Table 5.1).224,225,226,227  Although 
most major peaks of the initial histidine monomer can be found in the FTIR spectrum of 
PP-His, they are much broader and less intense, indicating significant polydispersity in 
chemical composition due to random polymerization and limited ordering. 
 
Specifically, the peak at 3273 cm-1, indicative of the NH2 group in the L-histidine, is 
shifted as this nitrogen becomes part of the backbone structure.  The amine backbone 
Figure 5.3:  FTIR spectra of L-histidine monomer and plasma-polymerized PP-his 
films. 





















































peak of polyhistidine (pHis) is usually reported at 3282 cm-1.228  Also observed is the 
decrease of peak intensity around 2800 cm-1, indicative of the similar loss of O-H groups 
during PECVD.  This is also affected by the changes in the N-H stretching, as 
polymerization occurs as well as the C-H aliphatic stretch mode seen in L-histidine at 
2880 cm-1.227  Strong peaks seen at 1632 cm-1 and 1608 cm-1 indicate C=C, C=O or C=N 
bonds and that the ring structure is intact.  From these observed changes it can be 
inferred that the O-H group is lost and a new bond is formed via the nitrogen, creating 
the backbone of the polyamino acid network.  Peak positions were determined through 
deconvolution of the FTIR spectra. 
 
Furthermore, L-histidine shows a strong peak at 1456 cm-1 with no peak seen in the 
plasma polymerized film at that position.  This is likely due to the OH group being 
removed from the L-histidine during polymerization, as it is present in the L-histidine 
molecule, but not the linear synthetic pHis material (Figure 5.1, Figure 5.3).  Additional 
peaks seen at 1368 cm-1, 1342 cm-1, 1337 cm-1, 1110 cm-1 and 1104 cm-1 correspond to 
the different modes of the C-N, C=N, N-C-H or C=C bonds present in both the L-histidine 
and linear pHis.228  The 767 cm-1 peak in the PP-His spectra corresponds to the C=O or 
N-H in the backbone structure.  The 777 cm-1 peak of the L-histidine corresponds to the 
C-C, CH2 or NH2 bonds in the intact monomer.  The spectral shift seen from 836 cm-1 in 
the L-histidine to 824 cm-1 in the PP-His (and to 827 cm-1 in pHis) is an indicator of 
polymerization likely occurring at the NH2 site in the same manner previously explained 
with the PP-Tyr polymerization.  From this analysis it is seen that the plasma 
polymerized histidine film is comparable to the L-histidine monomer and corresponding 
linearly polymerized histidine, with several changes in chemical composition due to 
random polymerization, but with the retention of essential components of initial monomer 




The PP-His spectrum is lacking a peak around 1550 cm-1, typically seen in pHis due to 
C-N bond formation in the backbone (Table 5.1).  This may indicate that there is not a 
clearly defined polymerization occurring, but rather a random network formation of 
chemical linkages happening between the molecules as they are deposited on the 
surface. 
 
Table 5.1:  FTIR Peak Positions and Assignments for PP-His and L-Histidine Films.  
Peaks reported in literature for synthetic pHis are included for reference from (228). 
 PP-His  L-histidine pHis 
3273 N-H backbone   3282 
3119 N-H 3128 OH-O hydrogen bond, N-H 3075 
  3008 C=C aromatic 2972 
2930 C-H    
  2882 C-H aliphatic stretch 2895 
1618 C=O, C=N backbone 1632 C=O stretch, NH2 1642 
  1608 NH2, C=N  
1520 H-N-C backbone   1510 
  1456 COOH stretching 1446 
1368 H-N-C, C-N, C=C, H-N=C, N=C-H, C-N   1362 
1337 H-C=C, H-N-C, N-C-H, C-N, H-N-C, H-N=C 1342 CH2 twist 1330 
1268 C=N, H-C-C, C=O, C-C-H, N-C, H-C-C,C-C    
1232 C=N, H-C-C, C-C, C-C-H, C=O, C-C 1251 COOH 1230 
1104 C-N, H-C-C, C-C, N-C-H, C=N, C-N,C-C=C 1110 O-H…O in plane bend 1112 
  966 ring sym stretch 988 
824 C-C, C-N, C=C, C-N=C 836 ring sym stretch, H wag 827 
769 C=O, N-H backbone 777 C=O 767 
667 C-N-C, N=C-N, H-N-C, C-N, C-N=C,C=C-N 623 ring deformation 662 
 
5.3.2 Titania Nanoparticle Formation 
Two different routes were used for the formation of titania nanoparticles on the plasma 
polymerized histidine surface.  The first route used a TiBALDH/water solution (Figure 5.4 
A,B) and the second used a TiBALDH /phosphate buffer solution at pH 7 (Figure 5.5, 
Figure 5.6).  Along with a change in topography, the phase images of the particles show 
a distinct morphological change from that of the plasma deposited thin films, indicating 
the presence of numerous titania nanoparticles on the surface.  It was observed that 
there is a high level of titania particle surface coverage measured up to approximately 
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75% in both cases.229,230  Particle coverage of the surface is typically not seen to be 
higher than this in part because the particles do not follow a close packing regime, as 
they simultaneously form at many reactive sites on the surface and are dispersed in a 
more random fashion.  It is noted however, that when the solution is reduced in the 
water solution, there appear to be more large voids on the surface than when the 
particles are reduced from the buffered precursor solution.  It can be seen that in Figure 
5.4 a second layer of titania particles appears to be forming on top the first layer, 
resulting in areas of double layers of particles on the surface. 
Figure 5.4:  AFM images (topography, left; phase, right) of plasma 
polymerized histidine film with titania nanoparticles formed from aqueous 
precursor solution; z = 75 nm height and 40° phase for all images. 
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Although both routes were successful with mineralization, the primary difference 
between the two methods was the size of the titania nanoparticles.  The diameter for 
nanoparticles formed in buffer was an average of 3.5 ± 1 nm, while the average diameter 
of titania nanoparticles obtained from the water-based precursor significantly increased 
to 13 ± 4 nm (Figure 5.7).  It is thought that this size difference is related to the exposure 
of an active histidine site in the phosphate buffer.  As is known, under different 
conditions, competitive inhibition occurs differently, which modifies the catalytic activity 
of the histidine-rich enzymes.231  Additionally, as has been shown, the activity of 
Figure 5.5:  AFM images (topography, left; phase, right) of histidine film 
with titania nanoparticles formed on PP-His in phosphate citrate buffer for 




histidine-serine dipeptides is inhibited by selective interaction with a citrate buffer.232   
	  
These observations indicate that the phosphate citrate buffer may effectively modify the 
reactivity of histidine sites available for precursor binding thus influencing the size of 
mineralized nanoparticles.  If more nucleating sites exist on the surface, then a higher 
number of smaller particles can be expected to form simultaneously.  This effectively 
limits the size of the particles that can be formed.  When fewer nucleating sites are 
present on the surface, there are fewer opportunities for new particles to begin formation 
Figure 5.6:  AFM images (topography, left; phase, right) of histidine film 
with titania nanoparticles formed on PP-His in phosphate citrate buffer for 




and more of the precursor is consumed as the existing particles grow.  While the exact 
chemical mechanisms of mineralization are still a matter of debate, it is observed that 
compounds containing NH2 and OH functional group are seen to be effective at inducing 
nanoparticle formations.  Plasma polymerized materials such as HEMA, which contains 
an OH group was seen to reduce gold chloride, while PP-TTIP did not.  Other studies 
looking at functional groups and their role have been presented in detail elsewhere.95   
 
It is also observed that exposure time of the plasma coated surface to the precursor has 
an effect on the particle formation as well.  The PP-His films exposed for 24 hours 
showed a greater surface coverage of particles than the films exposed for a shorter 
period (Figure 5.5 A, Figure 5.6 A).  Over longer exposure times, there exists a greater 
tendency for larger particles to begin to form on the surface as smaller particles 
continuously grow.  This was seen in the case of the gold particles on PP-Tyr as well 
where structure from gold nanoparticles to large geometric plates were observed.  Being 
able to define and control the size and shape of the mineralized particles remains an 
area of challenging study.  For the case of the PP-His and formation of titania particles, 
formation was typically complete in about five hours.  Longer precursor exposure, 
typically did not further modify the surface. 
 
AFM scratch test shows that there are two distinct heights in the final film cross-section 
after titania nanoparticles formation (Figure 5.8).  A distinct ultrathin residual layer of PP-
His under the titania nanoparticles was observed.  This residual PP-His layer was 
typically measured at a thickness of 3.5 ± 1 nm.  This indicates that during the exposure 
to the precursor solution, most of the initial PP-His film is dissolved with the exception of 
an ultrathin surface layer, which remains firmly tethered to the silicon dioxide surface.  
The PP-His film likely dissolves due to low or less stable cross-linking between the 
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molecular chains, which leads to a less robust structure on the surface.  The film 
instability can possibly be attributed to excess internal stresses built into the film during 
the plasma deposition which typically occur as a result of the plasma conditions used.  
Generally, faster deposition rates contribute to increased stresses and this can be 
especially prevalent in sublimation depositions where the deposition rate can be difficult 
to control.  Resistively applied heating of the monomers is more difficult to control, 
especially at the lower temperatures used for histidine as compared to tyrosine.  The 
dissolution of the PP-His film may also be partially attributed to incomplete 
polymerization of the monomer, whereby a thin layer adheres to the surface, but further 
polymerization is not sustained and the monomer is only physically deposited on the 
surface and easily rinsed away.  Even if a small amount of polymerization occurs and 
there is a significant amount of unreacted monomer, this can lead to film dissolution 
Figure 5.7:  Surface topography cross-sections showing the size of titania 
nanoparticles mineralized on the surface with TiBALDH in (a) water and (b) 
phosphate citrate buffer solution. 
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since after the free monomer is rinsed, the remaining part of the film is not self-
supporting. 
 
XPS measurements confirmed the presence of titanium on the PP-His surface after 
exposure to the TiBALDH solution (Figure 5.9 A).  The presence of elemental titanium is 
indicative of titania on the surface.  The presence of the characteristic titania peaks are 
seen in contrast to the pure histidine plasma deposited film, which shows only carbon, 
oxygen and nitrogen-related peaks as expected (Figure 5.9 C).  Additionally, the high 
resolution XPS spectra show two distinctive peaks of titania which appear as expected 
for Ti 2p1/2 and 2p3/2 at 463.9 and 458.2, respectively, and agrees well with values 
previously determined in the literature (Figure 5.9 B).233,234  A comparison of the 
observed shape and position of major peaks to those in the literature confirm the 
Figure 5.8:  AFM scratch test showing the height of (a) the thin residual histidine film 
present after mineralization on a silicon substrate and (b) the typical particle size in 
relation to the substrate and residual histidine film. Typical particles sizes ranged from 
10-13 nm, as reduced in nanopure water. Topography image, z = 40 nm. 
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presence of titania and indicates that the Ti4+ surface species are predominant as seen 
by the clear and symmetric peaks.235,236   
 
Several attempts to determine the crystal structure of the mineralized titania were made, 
but the results were inconclusive as to whether there was a definitive crystalline phase.  
Because the layer of titania was thin (<10 nm), X-ray diffraction measurements could not 
detect a discernible signal to confirm the presence of a crystalline titania phase.  A 
second attempt at determining the crystal structure was carried out by plasma depositing 
histidine on silver particles to perform surface enhanced Raman scattering (SERS) 
measurements on the subsequently mineralized titania.  It is known that the Raman 
spectrum of anatase titania  exhibits characteristic bands at 143 cm-1 (Eg), 197 cm-1(Eg), 
396 cm-1 (B1g), 515 cm-1 (A1g or B1g), and 638 cm-1 (Eg).  On the other hand, for rutile 
titania, Raman bands from are located at 439 cm-1 (Eg), 611 cm-1 (A1g), and 805 cm-1 (a 
weak shoulder, B1g).237,238  The Raman spectra obtained here showed several peaks 
which could be indicative of either rutile (440 cm-1, 230 cm-1) or the brookite (405,630 
cm-1) phases of titania (Figure 5.9 E, F).  Therefore, it remains open as to which phase is 
dominant via this mineralization technique, and mixed crystalline structures are probably 
formed under these conditions.  It is also possible that amorphous or anatase structures 
are likely in the nanoparticles as there can be considerable challenges in reducing rutile 
via mineralization which usually requires heating to induce a phase change as 
conversion to rutile at room temperature is relatively rare.  To further address this 
question, larger sample sizes of mineralized material, possibly using multi-layer 
depositions will need to be investigated to more accurately assess the crystalline phase 





Figure 5.9:  XPS spectra of (A) PP-His spectra after titania mineralization; (B) high-
resolution XPS scans show distinction between Ti 2p1/2 and 2p3/2 for initial PP-His film; 
(C) XPS spectra of PP-His prior to mineralization; (D) high-resolution spectra of titania 
mineralized on an SU-8 periodic structure; (E) Raman spectra of mineralized titania on 
silicon; (F) detailed Raman spectra showing peaks indicative of different titania 
crystalline phases. 
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5.3.3 Optical Properties of Films 
A direct determination of the optical properties of amino acid- and titania-containing films 
was obtained by exploiting a bi-layered model during analysis of spectroscopic 
ellipsometry data.  At least six individual samples were fabricated independently under 
identical conditions and also were independently measured and analyzed.  Ellipsometric 
measurements were conducted for the polymerized histidine film and for the histidine 
film with the topmost titania layer.  For full analysis of the titania-containing films, 
independently measured optical properties of the pure PP-His film were utilized.  Since 
AFM measurements indicated that the titania nanoparticle layer showed only partial 
surface coverage, an effective medium approximation was used to model this layer 
which accounts for the incomplete surface coverage of the particles (Figure 5.10 F).  
Figure 5.10:  A-C) AFM height images showing the changing surface and increasing 
particle coverage through multiple deposition and reduction cycles of A) 1, B) 3 and C) 
7 deposition and reduction cycles.  Z= 4 nm, 10 nm and 10 nm respectively.  D) relative 
DMT modulus channel and E) relative adhesion channel.  F) Optical analysis from 
ellipsometric data: refractive index of multiple deposition cycles of titania nanoparticles.  
PP-His is shown for comparison. 
96 
	  
This partial surface coverage, after a single reduction cycle, is also noted through the 
relative DMT modulus and adhesion channels which show a distinct difference between 
the particles and the substrate surface (Figure 5.10 D,E).  It is expected that the titania 
nanoparticles will have different mechanical and adhesion properties when compared to 
the silicon surface coated by PP-His.  By depositing multiple layers of PP-His and titania 
on the same surface, the surface coverage was eventually increased enough to be 
modeled as a single layer.  The two models used in determining the optical constants 
were the Cauchy and effective medium approximation (EMA) and both models produced 
consistent results.218,229  The EMA model was used to verify the results of the Cauchy 
model since the layer of titania particles was not complete and included some small 
voids, which can be effectively accounted for when using EMA analysis. 
 
The values for the thicknesses of the PP-His and titania layers determined from 
ellipsometry closely matched those measured by AFM which was considered as 
verification of the optical analysis routine.  The refractive index, measured over a 
wavelength range of 250 nm to 1000 nm, shows the change observed in the profile as 
more layers are added (Figure 10F).  The index is seen to increase as the particle 
density on the surface increases and forms a more complete layer.  The intact PP-His 
film, for comparison, showed a normal dispersion with a gradually decreasing refractive 
index, n, from 1.68 at 350 nm down to 1.59 in the near-IR region (1000 nm).  The PP-His 
film is much thicker than the titania particles at around 240 nm and shows a higher index 
than a modified surface with fewer than 5 reduction cycles.  However, surface 
modifications with titania particles of around 15 nm in thickness, showed a higher index 




The minor shoulder around 300 nm is caused by the strong absorption of double bonds 
in the histidine structure (Figure 5.10).  The overall value of refractive index is slightly 
higher than that for traditional polymers (usually within 1.5-1.6) likely due to the higher 
concentration of intermolecular and cross-linking bonds in plasma polymerized film 
which result from the network formation.239  The absorption coefficient, k, is relatively 
high in the near-UV range due to the presence of double bonds and the five-membered 
ring structure.  But the k-value decreased to below 2x10-3 in the visible and near-IR 
range indicating low light absorption and good optical transparency in comparison to 
conventional, covalently cross-linked polymers with localized ordering.186,187 
 
A significant increase in the refractive index value is observed upon titania nanoparticle 
formation across the  whole wavelength range (Figure 5.10).  The refractive index 
increased to 1.74 from 1.67 in the UV region and to near 1.65 at 1000 nm.  The titania 
nanoparticle formation also increased the optical absorbance to 0.025 in the visible 
range indicating some optical loss likely due to additional scattering or absorption by the 
dense surface coverage of titania nanoparticles and their aggregates (Figure 5.10).  The 
effect of refractive index adjustment is further seen through a series of multiple 
deposition and mineralization cycles.  As the number of depositions increase, a clear 
change in thickness occurs and the refractive index of the nanoparticle film becomes 
much more defined and grows higher with each additional layer.  This type of cyclic 
deposition allows for precise control of refractive index and particle coverage depth.  
This presents a similar deposition method to surface sol-gel, but without the need for 
modification with hydroxyl groups on the surface. 
 
Although the measured value of the refractive index increased significantly due to the 
presence of titania nanoparticles, it is still much lower than that of crystalline titania 
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phases (about 2.7 at λ=500 nm).240,241,242  For example, the reported literature values for 
atomic layer deposited (ALD) titania range from about 2.3 to 2.8 at λ = 500 nm, 
depending on the deposition conditions.243,244  However, for titania films of less than 20 
nm thickness, the refractive index was reported at 1.8 at 500 nm, thus demonstrating a 
trend similar to that observed for reduced refractive index for ultrathin titania layer 
without further high-temperature annealing.245   
 
Finally, the measured refractive index of the titania nanoparticles formed on the bio-
surface appears lower for two primary reasons.  First, the titania nanoparticle layer is 
incomplete, having both voids and organic matter between the nanoparticles which 
contribute to the lowering of the refractive index even within EMA analysis which is not 
accounted for by current modeling.  This is addressed by completing multiple 
depositions of PP-His and reductions of titania particles on the surface filling the voids 
and contributing to a noticeable increase in the refractive index.  Second, titania 
nanoparticles formed via a bio-enabled wet-chemistry approach typically show an 
amorphous phase that has a characteristically lower refractive index than common 
crystalline titania phases, which have proven to be difficult to obtain using room 
temperature synthesis routines.246  Additional treatment of the titania phase and 
increasing surface coverage might be required to boost the absolute values of the 
refractive index for potential high refractive index properties.  However, even for the 
values observed here, a significant contrast in refractive indices can be achieved in the 
visible range if the titania layer is combined with low index polymer materials. 
 
5.3.4 Titania formation on periodic 3D templates 
Periodic photonic structures with a square lattice of cylindrical pores of periodic spacing 
830 nm served here as the basic template to demonstrate the highly conformal nature of 
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such depositions. 247  Prior to the plasma depositions and subsequent particle reduction 
the surface morphology of the pristine SU-8 microtruss was observed to be clean and 
free of defects or nodes, which were subsequently seen after mineralization (Figure 5.11 
A).  Plasma polymerization of histidine and the following formation of titania 
nanoparticles on the surface through mineralization resulted in a visible change in the 
surface morphology (Figure 5.11 B).  The AFM images clearly demonstrate the highly 
conformal nature and uniform coating layer of PP-His and reduced titania nanoparticles 
after a single coating and reduction cycle.  The nanocoating is observed to be uniformly 
distributed across the microtruss surface and the presence of titania nanoparticles over 
the surface of periodic structures shows how this method is used to easily modify 
complex structures.  The surface coverage density of titania nanoparticles can be 
increased by repeated plasma polymerizations of histidine and exposure to the TiBALDH 
precursor solution.  This layered buildup of particles is performed in the same manner, 
with multiple deposition and reduction steps, as described in the optical study. 
 
The titania nanoparticles show a trend of significant agglomeration after multiple 
treatment cycles forming large nodes on the SU-8 microtruss as demonstrated in the 
corresponding AFM images (Figure 5.11 C).  This method could be further adapted to 
provide an effective means of modifying the optical properties of photonic structures. 




Figure 5.11:  AFM images demonstrating the conformal titania nanocoatings on periodic 
porous structure (topography, left; phase, right; all images): (A) pristine periodic structure 
before modification, z = 300 nm height and 170° phase; (B) periodic structure after one 
PP-his polymerization and titania formation showing significant change in the phase 
image, z = 500 nm height and 40° phase; (C) periodic structure after three titania 
formation cycles. Large agglomerations of particles are easily visible on nodes, z = 600 
nm height and 60° phase. 
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with a very repeatable local morphology of the polymeric nodes (Figure 5.12).  Local 
microroughness of these nodes after histidine polymerization indicates the presence of 
the additional plasma coating.  Although the square pattern of nodes remains 
unchanged after titania formation, the local morphology of nodes changed significantly 
due to the presence of the titania nanoparticles localized at nodes of the squared lattice. 
 
The addition of surface and optical modifying agents in this manner to microtruss 
structures is of interest primarily because of the gentle process used, with no harsh 
Figure 5.12:  3D AFM (topography) images at large scale showing pristine 
squared periodic porous pattern (A) z = 600 nm height and the same structure 
after titania nanoparticle formation on lattice nodes (B), z = 1000 nm height.  C) 




solvents or treatments.  Using gentle (room temperature, aqueous, neutral pH solutions) 
conditions for modification of polymeric structures is essential since they may not be 
robust under other processing methods, either melting under heating or 
dissolving/degrading in solvent.  This type of modification also allows complex surface 
patterns to be fabricated and then modified to achieve the desired properties (optical, 
catalytic, etc.) rather than having to shape materials, which may be less amenable to 
micro- and nano-fabrication techniques. 
 
5.4 Conclusions 
The implementation of plasma-deposited amino acids as functional surface coatings for 
the conformal formation of titania nanoparticles is demonstrated.  This is a rapid and 
non-destructive method for the formation of a functional histidine layer which can then be 
utilized for forming individual and uniform titania nanoparticles under mild, 
environmentally friendly conditions, enabling the modification of the surface properties of 
the original templates.  These titania nanoparticles, possessing a higher refractive index, 
were demonstrated on both smooth substrates and on complex 3D periodic porous 
polymers such as interference lithography structures.  This coating and in situ titania 
growth may be useful in the creation of high-contrast periodic photonic-related structures 
formed under mild conditions.  By directly reducing the titania onto or into a prefabricated 
periodic porous structure, this approach might allow full construction of a hybrid organic-
inorganic system to be fabricated.   
 
This type of bio-enabled modification highlights a very interesting technique, which can 
be used to modify these structures and warrant further study into the optical and catalytic 
properties.  For instance, the periodic polymeric structures are prone to mechanical 
instabilities even under moderate compressive stresses.248,249  Under mild processing 
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conditions suggested in this study, there was no degradation and collapse in the periodic 
polymer structure.  By creating a method to embed titania nanostructures onto periodic 
polymer templates, a means of tailoring photonic structures and their refractive 
properties in a nondestructive way is demonstrated.  This approach can also be used in 
the stepwise construction of multilayered systems where the PP-His layer alternates with 
a polymer layer, thus creating high contrast in refractive index.  Further development of 
the optical and catalytic properties of the titania replicas obtained here will be addressed 




CHAPTER 6 : Plasma Enhanced Co-Polymerization of Amino 
Acid and Synthetic Monomers 
Reprinted with permission from Anderson, K. D.; Young, S. L.; Jiang, H; Jakubiak, R.; Bunning, 
T. J.; Naik, R. R.; Tsukruk, V. V. “Plasma Enhanced Co-Polymerization of Amino Acid and 




CVD methods have been widely used to polymerize materials directly on a variety of 
surfaces.7,12,14,15  CVD processes have been designed to allow organic monomers to 
undergo in situ polymerization during the deposition process resulting in stable films of 
polymerized material on the surface.  Polymerization is initiated by a range of different 
stimuli including RF plasma radicalization, oxidation or injection of an initiator into the 
reaction chamber.17,18,19,20,21,22,26,27  Each deposition method has the effect of creating a 
polymerized film on a target substrate with different variations in the cross-linking density 
and morphology depending on the CVD method used and the reaction mechanisms.28  
This leads to films with a wide range of unique surface properties that can be tailored for 
many specialized applications. 
 
PECVD is a specific form of CVD which has been adapted from its common use to 
deposit dielectrics to successfully deposit a wide range of monomers covering many 
traditional polymers, ranging from styrene, acrylonitrile and benzene to responsive 
materials such as poly(2-vinyl pyridine) and poly(N-isopropylacrylamide) to functional 
amino acids.40,41,42,43,44,45,46,47,48  PECVD represents a versatile “dry” chemistry fabrication 
method which is capable of utilizing precursors in solid, liquid or gas form for facile, rapid 
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and solvent free fabrication of ultrathin coatings for use in many systems.29,49,50,51  There 
is a growing interest in the deposition of biological molecules via PECVD which can 
potentially be used to enhance surface functionalities and structures for cell viability and 
can also help bridge the interface between inorganic and biological components of 
integrated systems and biomedical applications.14,36,53,54,55  
 
Biological monomers of interest are often in the form of a solid, presenting a unique set 
of challenges for plasma depositions of these monomers.  Some solid monomers can be 
deposited through various sublimation methods whereby the monomers are pre-heated 
in the plasma chamber while under vacuum and vaporized into a gas phase.73,90,91,92,93  
The reaction proceeds akin to any gas-phase monomer.  It has been demonstrated that 
sublimation PECVD is compatible with a range of materials, from organometallics to 
amino acids providing robust and stable films.44,45,73,90  The utilization of sublimation 
allows solid materials which are not easily vaporized to be plasma deposited opening a 
new range of solid material precursors for study.   
 
Amino acids might be deposited via sublimation PECVD and are excellent candidates for 
further investigation based on their unique functionalities and fundamental biological 
characteristics.44,45,95,96  Lee and Frank demonstrated vapor deposition of a wide range of 
amino acids which were firmly grafted to a substrate and preserved their composition 
and functionalities.36  PECVD lends itself well to co-polymerizations of two or more 
chemical species to facilitate complex and stable functionalized mixed coatings.  
However, this adds a layer of complexity to the deposition process given the different 
reactivities of the precursors used.  For instance, co-polymerization has been previously 
reported using benzene and octafluorocyclobutane (liquid and gaseous) monomers 
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which are copolymerized in the plasma simultaneously to fabricate films with controllable 
refractive indices.97 
 
One challenge with this fabrication process though is determining the appropriate 
deposition conditions which allow a controlled reaction of different organic materials 
simultaneously.  This challenge is magnified when using one monomer which is solid 
and must be sublimed into the plasma stream since flow rates are not as easily 
controlled as they are with conventional liquid and gas phase monomers.  In this regard, 
the deposition rates of each material must be matched based on the desired end ratio of 
the final film composition.  As the monomers are mixed in the plasma stream they form 
highly randomized structures, which when deposited, exhibit characteristics of both 
components.97,98  Despite the utility of the sublimation PECVD procedure on biological 
molecules, examples of robust and uniform binary plasma polymerized films utilizing 
them are very rare.  Developing the capability of simultaneous depositions with different 
monomers, including bioactive compounds, highlights the versatility offered to the 
composition of the resulting plasma polymerized films. 
 
In this study, the PECVD co-polymerization of sublimed amino acid (L-tyrosine) with 
vaporized liquid monomers, which results in stable and uniform ultrathin coatings with 
unique surface morphologies and characteristics is examined.  PECVD co-
polymerization of L-tyrosine (tyr) was carried out with several different monomers such 
as acrylonitrile, (ACN), 2-(hydroxyethyl)methacrylate (HEMA) and titanium 
tetraisopropoxide (TTIP).  The organic and inorganic functional monomers used were 
chosen to demonstrate the feasibility of the integration of an amino acid with other 
synthetic materials which have been extensively studied to date.  L-tyrosine was chosen 
for this study due to its important bioactive function in peptides, the expected 
107 
	  
compatibility with sublimation PECVD, and the previously understood plasma deposition 
parameters.44,96  It is hoped that L-tyrosine provides insight to the co-polymerization of 
biological molecules with other materials for many bio-interfacial applications.14   
 
ACN was utilized due to its compatibility with our plasma deposition process.  Many 
previous studies have evaluated this polymer and its deposition characteristics.26,33,198  
This fact allowed the focus of this deposition to be centered on controlling the tyrosine 
deposition rate for proper material mixing in the plasma.  The HEMA is an example of a 
material which has been previously characterized and demonstrated as biologically 
compatible with its use in implants.250,251  Previous studies have further characterized 
CVD HEMA as a swellable material.42,43,74,252  Any future integration of biological 
materials to form composite films must include a second component which has been 
well characterized and is understood to be biologically compatible, such as HEMA.253  In 
this study HEMA serves as a biocompatible material for co-polymerization as it has been 
previously combined with tyrosine through radicalization via peroxide and UV 
polymerization.254  Finally, titanium tetraisopropoxide was used since it provides a facile 
method of introducing an inorganic component to the amino acid film.  Creating such an 
interface on the micro- to nano-scale in this manner is potentially useful as an interface, 
which more easily allows the integration of implants with biological systems.  The 
different materials selected here were simultaneously reacted during the plasma 
deposition to a) determine their ability to form ultrathin stable, robust, uniform coatings 
with chemically mixed composition and b) to determine the co-polymerization 
characteristics of biological molecules with organic and inorganic materials for 





Materials: All monomers, L-tyrosine (98%), acrylonitrile (99%), 2-(hydroxyethyl) 
methacrylate (97%) and titanium tetraisopropoxide (97%) were purchased from Sigma-
Aldrich and used as received for all plasma processes described (Figure 6.1). 
 
The sublimation of tyrosine in the PECVD chamber was run according to established 
procedure and utilized both downstream and plasma zone monomer inlets, where the 
sublimation boat was placed downstream of the plasma generating zone.4,44,255  The 
specific configuration used in this study utilized the modified sublimation chamber with a 
heating crucible and an end cap containing a second inlet for the liquid monomer 
delivery (Figure 6.1). 
Figure 6.1:  Chemical structures of compounds studied and diagram of sublimation 
PECVD chamber set up for co-polymerization with inlet for additional monomers 
showing flow of monomers to the surface in a random configuration.  Circles represent 




The solid L-tyrosine monomer was placed in a restively heated tantalum crucible and 
heated to approximately 200ºC to begin the sublimation and then subsequently reduced 
to approximately 140ºC after sublimation had begun and held at this temperature for the 
remainder of the deposition.  The monomers deposited in liquid form (ACN, HEMA, 
TTIP) were placed in a custom built vaporizing tube connected to the reaction chamber 
and heated to 60ºC in a water bath.  The lines running from the vaporizing tube to the 
chamber were also heated to 60ºC to prevent condensation of the monomer in the 
tubes.  The depositions of tyrosine, ACN, HEMA and all associated co-polymerizations 
were run under varying sets of conditions which were in the ranges listed: 20-45 W 
power, 0.05-0.1 Torr operating pressure, 20-50 sccm Ar carrier gas flow rate and 6-12 
minute deposition time.  The variation in conditions allowed for control of the cross-
linking density of the film.84  The TTIP depositions were run under identical conditions 
with the addition of an oxygen carrier gas at 20-50 sccm instead of argon.  This was 
used for both pure PP-TTIP and PP-Tyr/TTIP films. 
 
6.3 Results and Discussion 
6.3.1 Single Material Depositions 
Prior to beginning co-polymerization PECVD experiments, each monomer was plasma 
polymerized and characterized independently to evaluate the quality of ultrathin films 
formed.  All monomers were deposited on clean silicon substrates and characterized by 
AFM to determine the morphology of the PECVD films and the mechanical stability of 
each coating.  All films were deposited to a thickness of between 200-300 nm as 
measured by spectroscopic ellipsometry and were characterized with FTIR and XPS to 
determine the composition in addition to AFM.  Significant differences were noted in the 




AFM imaging shows the resulting depositions of all materials on clean silicon surfaces 
(Figure 6.2, Figure 6.3).  The dry L-tyrosine (PP-Tyr) powder was sublimed for 
deposition (Figure 6.2 A, Figure 6.3 A).  The liquid acrylonitrile (PP-ACN) monomer was 
plasma polymerized by the standard vaporization method (Figure 6.2 B, Figure 6.3 B) 
and the liquid HEMA (PP-HEMA) monomer was heated to 60ºC and deposited as a 
standard vapor deposition (Figure 6.2 C, Figure 6.3 C).  Large-scale AFM images show 
very uniform surface morphology of all films indicating highly homogeneous composition 
with low surface microroughness that is indicative of uniform cross-linking and wetting.  
These films are free of pinhole defects as well.  This observation is in good agreement 
with previous studies of tyrosine and published literature regarding HEMA.42,44  The 
surface microroughness of each sample was measured to be 0.6 nm, 0.3 nm and 0.4 nm 
for PP-Tyr, PP-ACN and PP-HEMA, respectively, which correspond to values usually 
reported for PECVD films.85  These values correlate well with our previous data for 





Figure 6.2:  AFM images of A) PP-Tyr, B) PP-ACN, C) PP-HEMA and D) PP-TTIP 
coatings.  The left images show the topography (z (A,B,C) = 4nm, z (D) = 24nm) and 
the right images show the relative surface stiffness (arbitrary z scales). 
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High magnification AFM images show the differences in the fine morphologies of the 
plasma polymerized films of each coating (Figure 6.3).  The PP-Tyr film shows a 
distinctive morphology composed of many small, distinct needle-like domain structures 
Figure 6.3:  High resolution AFM images of A) PP-Tyr, B) PP-ACN, C) PP-HEMA and 
D) PP-TTIP coatings.  Left: topography (z (A,B,C) = 4nm, z (D) = 24nm).  Center: 
relative surface stiffness (arbitrary z scales).  Right: High resolution topography (z = 
4nm (A), 6nm (B), 3nm (C), 24 nm (D)). 
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(~50 - 100 nm in length and diameter below 10 nm) which differs from the more uniform 
texture features of PP-ACN and PP-HEMA films where dimensions of isolated round 
grains are within 20 - 50 nm.  The PP-Tyr structure becomes clearly evident under the 
highest resolution scanning (300 nm x 300 nm) where it is observed that the domains 
are in fact individual tubular structures in random orientations on the surface (Figure 6.3 
A, right image).  Three organic films show significant differences in morphology, 
structure and roughness when compared to the much rougher PP-TTIP inorganic 
coating.  These distinctions in film morphology are important to note, as they govern 
properties such as microroughness and show that each material will deposit in a unique 
manner, even under similar deposition conditions.  
 
The PP-TTIP film was deposited in an oxygen rich atmosphere as a homogenous film on 
a larger scale and showed a coarse grainy surface with a high porosity composed of 
aggregated and coarser features with cluster dimensions above 40 nm which are 
composed of 10-20 nm round grains (Figure 6.3 D).  Such morphology results from the 
plasma deposition in the presence of oxygen as previously reported.256,257  According to 
previous studies, the resulting porous surface is a product of the deposition in an oxygen 
rich environment in which the titanium atom of the TTIP will completely radicalize to a 
Ti4+ state.  This is in contrast to the partial radicalization (Ti3+) which occurs in a pure 
argon environment and is resistant to complete oxidation upon removal from the 
vacuum.93,258,259  The surface microroughness of the PP-TTIP film was measured at 3.6 
nm, which is much larger than that measured for the organic and biological plasma 
deposited films and larger than that of a PP-TTIP film deposited under an argon 
atmosphere.  The oxygen rich deposition was used as a method to promote the highest 
possible valence state of the titanium atom allowing for an increased number of bonding 
sites for oxygen which creates titania molecules with a 2:1 oxygen:titanium 
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stoichiometry.  In some instances, the introduction of oxygen may provide a non-ideal 
deposition regime for the second material as oxidation can occur.  However, it was 
observed that the resulting co-polymerized films were stable when deposited with 
oxygen present in the chamber and were not significantly affected by this change in the 
atmosphere.  Some reports have recently demonstrated that crystalline titania can be 
formed on the surface through O2 plasma depositions at low temperatures, but the 
mechanism behind this remains under investigation.260 
 
The AFM images of each of these materials show the topography and the surface DMT 
modulus distribution (in relative units) obtained from peak force mode scanning (Figure 
6.2, Figure 6.3).261  In addition to smooth topography, all coatings exhibit a uniform 
surface stiffness across the surface with very modest variation indicating that there are 
no local surface regions of dramatically different mechanical properties and thus the 
uniform distribution in cross-linking density of the plasma deposited films can be 
suggested.  When compared to the traditional spin cast films of the same materials (both 
monomer and polymer coatings), the plasma deposited films were seen to be much 
more stable, have greater adhesion to substrates and be more uniform, albeit ultrathin 
coatings. 
 
6.3.2 Chemical composition of single material films: FTIR studies 
Chemical composition of plasma polymerized films was evaluated from FTIR spectra 
with several characteristic peaks detectable for each monomer (Figure 6.1, Figure 6.4, 
Table 6.1).  The PP-Tyr film shows key absorption peaks around 3200 cm-1 which 
corresponds to the O-H stretch, and around 3000 cm-1 representing an amine peak 
(Figure 6.4 A).185  The preservation of the ring structure during plasma-assisted 
polymerization is confirmed by the presence of peaks at 1610 cm-1, 1514 cm-1 and 1332 
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cm-1 which correspond to the intact aromatic ring C-C double and single bond 
vibrations.184  The peak seen at 1257 cm-1 confirms the presence of O-H groups 
attached to the aromatic ring.  The NH2 bending vibration peak occurring at 829 cm-1 in 
the PP-Tyr film has been previously observed to be a marker present in poly-tyrosine 
which shifts during cross-linking from an original position of 876 cm-1.44  This band is a 
key indicator of the cross-linking that is occurring in the film as it is deposited. 
 
The FTIR spectrum for the PP-ACN film shows several intense peaks indicative of a high 
degree of cross-linking (Table 6.1, Figure 6.4 B).  The first is seen as a large, broad 
peak around 3270 cm-1 present from the N-H stretching and the second is the C=N 
stretching mode seen around 1675 cm-1 along with the peak at 1092 cm-1 from the C-N 
Figure 6.4:  FITR spectra (reflection mode) from A) PP-Tyr, B) PP-ACN, C) PP-
HEMA, D) PP-TTIP coatings. 






















































































which results from the cyano group dissociation and cross-linking.33  The observed 
peaks of CH2 stretching at 2940 cm-1 and C-C stretching at 1450 cm-1 are also indicators 
of the preservation of backbones.  The C≡N stretch seen around 2215 cm-1 is 
characteristic of the cyano group, indicating its presence in the plasma deposited film. 
 
The PP-HEMA spectra exhibits several characteristic peaks including a broad O-H 
stretch around 3283 cm-1 and a C=O stretch at 1723 cm-1 (Figure 6.4 C).74  Both of these 
groups are seen in the side structure and their presence indicates that they remained 
intact during the plasma deposition.  Additional side chain peaks also seen are a CH2 
asymmetric stretch at 2970 cm-1 and CH3 symmetric stretching at 2873 cm-1, CH2 in 
plane bending at 1459 cm-1 and C-O-C asymmetric and symmetric stretching vibrations 
at 1079 cm-1 and 1037 cm-1.  As indicated by Pfluger et. al. the absence of a peak in the 
range of 3060-3010 cm-1 and at 1600 cm-1 indicates that no H-C=C structure is present 
in the PECVD film indicating no residual monomer, as this double bond structure is not 
expected in a polymerized HEMA film.  Also, the OH peak around 3300 cm-1 is expected 
to be minimized with higher cross-linking, which is the case in the sample measured, 
indicating that significant cross-linking is occurring in the PP-HEMA film.252  This 
agreement of the measured PP-HEMA films with established literature values provides 
strong evidence of efficient polymerization occurring under given plasma deposition 
conditions.42,89 
 
Finally, the PP-TTIP film exhibited a characteristic Ti-O peak near 700 cm-1 (Figure 6.4 
D).  The peak seen is expected to contain minimal contributions from the silicon 
substrate as these peaks were carefully accounted for during the measurements and 
result primarily from the convolution of the Ti-O and residual carbon peaks indicating 
polymerization reactions in accordance with known mechanisms.262  In this case, 
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additional carbon peaks are seen at 1628 cm-1 and 1344 cm-1 that correspond to the 
C=C and CH3 bending vibrations, respectively.258  The O-H stretching peak at 3256 cm-1 
is also consistent with the predicted reaction products as well as a result of the silicon 
substrate used where surface hydroxylation occurs during the cleaning process.  This 
spectrum confirms the presence of the titania as well as expected by-products from the 
dissociation of the TTIP monomer during the plasma deposition.   
 















NH stretching   3270       3263   
OH stretch 3208   3283 3256 3204   3200 
Amine peak 3025       3024     
CH2 asymmetric stretch   2940 2970   2962 2935   
CH3 symmetric stretch     2873     2875   
C≡N stretch (cyano)   2215     2220     
C=O stretch     1723     1725   
C-C stretch 1610 1675 1640 1628 1611 1611 1612 
C-C/C-H (ring) 1514       1515 1516 1515 
CH2 inplane bending   1450 1459   1452 1456 1447 
C-C stretch 1332     1344 1331 1330 1330 
ring OH vibration 1257       1244 1247 1250 
NH2 backbone bending 829       840 839 857 
Ti-O       696     697 
 
Overall, FTIR results discussed above confirm that the PECVD coatings contain key 
functional groups intact and are not structurally compromised.  The data also indicates 
that chain formation and cross-linking are occurring among the monomers as they are 
deposited.   
 
6.3.3 Chemical composition of single material films: XPS analysis 
XPS analysis of the plasma polymerized coatings confirms the expected presences of 
the chemical elements corresponding to the monomers original chemical structures 
(Figure 6.1, Figure 6.5).  PP-Tyr and PP-ACN showed the expected carbon, nitrogen 
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and oxygen peaks whereas the PP-HEMA shows only the carbon and oxygen peaks 
(Figure 6.5 A,B,C; Table 6.2).  The PP-TTIP film shows a strong Ti peak as well as 
significant oxygen with some residual carbon content in the film (Figure 6.5 D).  The 
residual carbon in the PP-TTIP film results from the number of methyl groups attached to 
the oxygen atoms, which react to form a separate carbon system that was deposited on 
the surface as detailed elsewhere.258 
 
The measured compositions generally correspond to theoretically calculated ones based 
on the chemical structures of the monomers (Table 6.2), but with some notable 
differences.  This correlation indicates that the plasma deposited films are maintaining 
roughly the same atomic composition of the monomers, except for a few cases, notably 
PP-HEMA which shows an excess of carbon, likely resulting from surface carbon 
Figure 6.5:  XPS plots for A) PP-Tyr, B) PP-ACN, C) PP-HEMA, D) PP-TTIP coatings. 































































contamination.  Both the PP- TTIP films shows less carbon and more oxygen than 
expected which is likely due to the loss of the carbon as a byproduct of the deposition 
which is aimed at capturing the titanium and oxygen on the surface.  Since this 
deposition was done in an oxygen rich plasma, contributions to the oxygen content of 
the film could also be present from this source as well as absorption from the 
atmosphere, as is likely the case with PP-ACN.259  Another likely reason for 
discrepancies is that theoretical compositions are assumed to have an equal portion of 
each monomer.  In reality, it is unlikely that this is the case as flow rates of the co-
polymerized monomers were not monitored closely enough to confirm this.   
 
Table 6.2:  Atomic percentages of key elements from XPS data. 
 Theoretical composition Experimental results 
 Compound/composition C O N Ti   C1s O1s N1s Ti2p 
Tyr 59.6 26.5 7.7 0.0   68.5 21.8 9.7 0.0 
ACN 67.8 0.0 26.4 0.0   71.0 13.5 12.8 0.0 
HEMA 55.3 36.9 0.0 0.0   77.6 22.4 0.0 0.0 
TTIP 50.7 22.5 0.0 16.9   34.1 48.2 2.0 15.9 
 Composite films               
Tyr/ACN 61.5 20.5 12.0 0.0   69.6 21.2 7.5 0.0 
Tyr/HEMA 57.8 30.8 4.5 0.0   75.4 21.6 3.0 0.0 
Tyr/TTIP 54.1 24.1 3.0 10.3   69.2 22.9 6.8 0.0 
 
 
6.3.4 Co-polymerizations of different compounds 
The first co-polymerization of L-tyrosine and ACN was carried out with simultaneous use 
of the sublimation apparatus and vapor bubbler to introduce both materials to the plasma 
reactor.  Care was taken to match the deposition rates of the two materials so as to 
minimize non-uniformity of mixed films and deposit approximately similar amounts of 
each monomer.  Similar deposition rates helped keep the film at controlled composition 
ratios and also made the films much less likely to delaminate from the surface after 
removal from the chamber.  Matching the deposition rates was done by first depositing 
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the PP-Tyr on a clean silicon wafer and measuring the thickness, giving a deposition 
rate calibration for a particular set of conditions.  These conditions were then verified as 
Figure 6.6:  AFM images of co-polymerized films: A) PP-Tyr/ACN, B) PP-Tyr/HEMA and 
C) PP-Tyr/TTIP.  Left: topography A (z=14 nm), B (z=8 nm), C (z=24 nm).  Right: surface 
stiffness (arbitrary z scales). 
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viable for the deposition of the second monomer and an appropriate monomer flow rate 
for the second monomer was then calibrated so the two monomers could be 
simultaneously deposited. 
 
At large scale, the resulting composite films from two different monomers are relatively 
smooth and defect free showing relatively few features (Figure 6.6).  An increase in the 
surface microroughness was observed when compared to the two single material 
depositions.  The microroughness was measured at 1.4 nm which represents a three-
fold increase over that of the single monomer films.  Mixing two monomers results in the 
network having local variations in the chemical structure and a grainy morphology which 
increases the overall roughness of the film.  This can happen if the monomers aggregate 
or in the case of the PP-Tyr/TTIP, form unique structures upon plasma polymerization.  
The typical surface feature size ranges from 5-10 nm in height and approximately 10-50 
nm laterally, depending on the films composition.  Overall surface stiffness remains 
relatively uniform on a large scale confirming the absence of microscopic dewetting and 
aggregation. 
 
Next, L-tyrosine and HEMA monomers were deposited on the silicon surface 
simultaneously while under an argon atmosphere.  The deposition rates of the L-tyrosine 
and HEMA were matched so that the deposition occurred with a deposition rate of 
approximately 20 nm/min.  Heating of the L-tyrosine monomer was begun prior to 
engagement of the plasma so that the material would be subliming as soon as the 
plasma was activated and HEMA introduced to the system.  Both the ACN and the 
HEMA monomers deposited similarly with the L-tyrosine but produced dissimilar features 




An interesting and distinct microstructure was observed in the composite film that is not 
seen in either of the monomer films under high resolution AFM imaging (Figure 6.7 
A,B,C).  The surface stiffness distribution shows some inhomogeneities which are also 
seen in the topography.  These variations of topographical features are measured to be 
less than 4 nm in height and are only clear at the highest magnifications.  The PP-
Figure 6.7:  High resolution AFM images of composite films: A) PP-Tyr/ACN, B) PP-
Tyr/HEMA and C) PP-Tyr/TTIP.  Left: topography A (z=14 nm), B (z=8 nm), C (z=24 
nm).  Center: surface stiffness (arbitrary z scales).  Right: High resolution topography (z 
= 8nm (A), 8nm (B), 16nm (C)). 
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Tyr/ACN film shows tubular-like structures very similar to that observed for the PP-Tyr 
film but in a much more diluted version.  A distinctive morphology also seen in the PP-
Tyr/HEMA film is reminiscent of the appearance of a microphase separated system at 
the nanoscale, but is not necessarily an indicator of this phenomena occurring and may 
be a product of a reaction during polymerization or other structural formation similar to 
the tyrosine nanotubes of the PP-Tyr/TTIP.  It is apparent that there are no tubular-like 
PP-Tyr morphological structures seen in the PP-Tyr/HEMA film.  These structures are 
are seen in both the PP-Tyr/TTIP and high resolution PP-Tyr/ACN AFM images.  A more 
uniform weakly phase separated surface is seen in the PP-Tyr/HEMA.  The co-
polymerized PP-Tyr/HEMA film was seen to be defect free with a measured surface 
microroughness of 0.8 nm, an increase over the pure PP-HEMA film.  
 
The final co-polymerization study utilizing the liquid inorganic component, titanium 
isopropoxide and the solid L-tyrosine was conducted with the two monomers being 
vaporized and exposed to the plasma simultaneously.  The titanium isopropoxide was 
heated in a liquid state to facilitate vaporization, while the L-tyrosine was sublimed in the 
same manner used for the single monomer depositions.  The combination of these two 
materials showed a highly unique microstructure consisting of large needle-like 
structures embedded in a uniform matrix.  This structure has not been observed in any 
of our previous plasma deposition studies (Figure 6.6 ,Figure 6.7 C).  These needle-like 
structures are prominently visible in the adhesion channel and typically measured 200-
600 nm in length and 20-25 nm in height (Figure 6.8).  These needle-like structures are 
likely composed of PP-Tyr structures, which have grown to larger sizes as compared to 
the nanoscale features seen on the PP-Tyr film.  These features are much more 
reminiscent of the amino acid nanotubes formed under vapor deposition as reported in 




These studies suggest that the formation of tubular structures based upon tyrosine is 
possible under vacuum deposition conditions.37  These structures are likely seen on the 
surface of the film as sublimation will continue for a short time after the heating crucible 
and plasma are switched off while the crucible cools.  Tubular structures from amino 
acids are well documented under this type of physical vapor deposition and will cover 
the surface with pure tyrosine, masking the titanium signal when evaluated via XPS.  
Any large scale or repeated microphase separation in the system is unlikely due to the 
Figure 6.8:  AFM image showing A) height image of needles B) relative adhesion of the 
PP-Tyr/TTIP needle structures and C) topography cross-section (along white line in 
(B)) detailing the height and width (nm) of the needles. 
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rapid step growth mechanisms, as there is thought to be insufficient time for such a 
phase separation to occur before the layer is immobilized by more monomer 
polymerizing on top.  Local inhomogeneities may well exist in the film as the plasma 
deposition process is subject to a degree of monomer mixing and randomness during 
the deposition and a truly homogenous film would require perfect distribution of the 
vaporized monomers.  Additionally, some radicals go unreacted and are held in place 
through the cross-linked network which is formed and do not permeate from the film.  
This would imply that any phase separation occurring after the deposition is unlikely and 
the patterns seen in the mixed films are forming during the plasma deposition and the 
monomers are not simply separating after the removal from the plasma. 
 
These needle-like structures are dramatically different in comparison to the shapes 
reported for titania structures deposited under oxygen at 298 K.256  Previous studies 
have shown titania structures with the round and pitted features seen on our films by 
AFM (Figure 6.3 D).  No needle-like, lateral features across the top of the film were 
reported, only vertical features running though the depth of the deposited layer were of 
prominence.  Second, the surface stiffness map shows some relative change in the 
mechanical properties of the features (Figure 6.7 C).  This is an indication that while 
features are forming in the film during deposition, they are of a varied composition and 
some stiffness contrast is observed as would be expected for titania-based structures, 
with the tubes being slightly less stiff.  Third, needle-like structures show low adhesion 
when compared to the rest of the surface which should be expected for a crystal surface 
in comparison with disorganized surrounding surface (Figure 6.8 B).  Finally, the 
absence of clear titanium signal in the XPS scan indicates that the upper surface 




6.3.5 Chemical composition of composite films: FTIR, XPS, and spectroscopic 
ellipsometry 
Common characteristic peaks on FTIR spectra are seen for the composite films and the 
single material films (Table 6.1, Figure 6.9).  PP-Tyr/ACN showed major absorption 
peaks from each monomer including the C≡N stretch of the cyano group seen near 2220 
cm-1, the broad O-H peak of tyrosine centered near 3200 cm-1 combined along with 
broad amine peaks and C-H peaks near 3000 cm-1 and 2960 cm-1.33,185  Additional peaks 
correspond well with the remaining PP-Tyr peaks seen in the single material film, 
especially those of the aromatic ring at 1611 and 1515 cm-1.  The C=N stretch seen in 
the PP-ACN film is still present near 1675 cm-1, but is convoluted with the aromatic ring 
peak of the PP-Tyr and not readily visible.  The PP-Tyr/HEMA composite film shows all 
of the characteristic FTIR peaks of the PP-Tyr film in addition to the C=O stretch seen in 
PP-HEMA at 1725 cm-1. 
 
Peaks were also seen near 1160 cm-1 indicating C-O bonding, the C-O-C asymmetric 
and symmetric vibrations seen at 1079 cm-1 and 1037 cm-1 and the characteristic amide 
bonding near 1247 cm-1.  The PP-Tyr/TTIP film is seen to retain the Ti-O peak at 697 
cm-1, indicating the presence of titania.  The peak is shifted and obscured from Si-C 
bonding, which occurs as the deposited material attaches to the substrate.  Previous 
studies of tyrosine/HEMA grafting have reported radicalization of the –OH group on the 
tyrosine via peroxide exposure which served as an attachment site for HEMA.254  Similar 
bonding characteristics were observed with the co-polymerization of tyrosine and HEMA.  
Literature reports that previous studies were carried out on tyrosine attached to a 
collagen surface and directly modified through peroxide exposure and surface 




All of the co-polymerized films show peaks that are consistent with the tyrosine ring 
structure remaining intact and selected marker peaks from the second component 
indicating that co-polymerization is occurring and resulting in a cross-linked film with a 
mixed composition.  This shift from the L-tyrosine position of 876 cm-1 is seen in all the 
composite films at 840 cm-1, 839cm-1 and 857 cm-1 for PP-Tyr/ACN, PP-Tyr/HEMA and 
PP-Tyr/TTIP respectively.  The PP-Tyr/TTIP peak at 857 cm-1 is determined through de-
convolution of a single larger peak seen and represents our best estimate.  All the peak 
shifts of this NH2 peak in the co-polymerized films are less than that of the L-tyrosine to 
PP-Tyr which indicates that the monomers are forming bonds near this position in the 
molecular structures.  The shift shows that this is occurring between the two monomers 
Figure 6.9:  FTIR spectra (reflection mode) of composite films: A) PP-Tyr/ACN, B) PP-
Tyr/HEMA, and C) PP-Tyr/TTIP. 
























































































and they are not solely polymerizing as isolated monomers.  It is noted that this NH2 
peak does not appear in the PP-ACN film and is a characteristic peak of the tyrosine.  
These results indicate the presence of tyrosine and the consistent shift seen in the co-
polymerized films likely results from the NH2 acting as a bonding site leading to the 
conclusion that true co-polymerization of the monomers is occurring during the plasma 
deposition. 
 
XPS of the co-polymerized films shows the expected characteristic peaks of the PP-
Tyr/ACN, PP-Tyr/HEMA and PP-Tyr/TTIP with strong peaks of carbon, nitrogen and 
oxygen as demonstrated in a representative observational XPS plot (Figure 6.10 A).  
The atomic percentage distributions show the presence of the expected elements in the 
films and generally correspond to the theoretical predictions of composition (Table 6.2).  
The theoretical atomic percentages were estimated assuming a 1:1 ratio of the mixed 
monomers.  While the PP-Tyr/ACN and PP-Tyr/TTIP have values that are in general 
agreement to the expected values for 1:1 mixture, the PP-Tyr/HEMA shows an 
increased carbon (and thus decreased oxygen) content in the co-polymerized film similar 
to the PP-HEMA film.  The expected nitrogen signal from the tyrosine is present in the 
PP-Tyr/HEMA film but not in the PP-HEMA film which indicates the presence of both 
monomers in the PP-Tyr/HEMA film.  The excess carbon seen in all samples is likely 
carbon contamination which commonly occurs on the surface of plasma polymerized 
films. 
 
High resolution XPS spectra of the carbon content in the PP-Tyr/ACN and the PP-
Tyr/HEMA films show a shift of the carbon peak shoulders consistent with combining the 
two monomers (Figure 6.10 B,C).  The primary peaks corresponding to C-C and C-H 
bonds are present in all single material films.  De-convolution of all carbon peaks was 
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performed to determine the exact position of all the peaks (see one example in Figure 
6.10 E).  The PP-Tyr/ACN films shows C=O bonds (289.1 eV) not present in the PP-
ACN film and a reduced presence of the C-N (286.3 eV) with the addition of the C-C 


























































































Figure 6.10:  XPS of composite films A) PP-Tyr/TTIP (inset: EDS spectrum).  High 
resolution XPS scan of Carbon region: B) PP-Tyr and PP-ACN films, C) PP-Tyr and 
PP-HEMA films D) PP-Tyr and PP-TTIP films E) representative plot showing peak 
de-convolution of the PP-Tyr film. 
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(284.5 eV) bonds from tyrosine.264  The same C=O shoulder is seen in the PP-HEMA 
films (289.6 eV) as well and is expected based on its chemical structure.  The PP-
Tyr/TTIP XPS spectrum shows clear C-C, C-H (285.6 eV) and C-O (289.0 eV) peaks 
with a broadening of the primary peak from the addition of C-N (287.1 eV) containing 
tyrosine (Figure 6.10 D).  These results indicate that the original molecular carbon 
architecture remains mainly intact during the plasma polymerization. 
 
The PP-Tyr/TTIP XPS scan shows the carbon, oxygen and nitrogen peaks as expected, 
but does not show a clear signature of titanium.  This indicates that the titania is buried 
in the film and is not present at the surface.  As is known, a common XPS probing depth 
is around 10 nm for carbon-based materials.265  A titanium signal is clearly seen, 
however, at around 4.5 keV in the EDS spectrum (Figure 6.10 A inset).  Additional 
evidence of the presence of titanium is seen in both FTIR and ellipsometry data 
refractive index.  While the amount of titanium seen via EDS is relatively small (~2 
atomic %), it confirms the presence of this element in the film; an indication that the co-
polymerizations are occurring as described and corroborating the FTIR and ellipsometry 
assertions that titanium is present in the films. 
 
The refractive indices of mixed films fall between those of the two indices of the 
individual PP monomers as is usually observed for mixed films without significant 
heterogeneities (Figure 6.11). 97,266  The refractive index of the mixed film can be 
adjusted by varying the composition of the films by controlling the feed rates of the 
monomers into the plasma, although this is somewhat more of a challenge to control 
with a sublimation process.  This allows the relative ratios of each monomer in the film to 
be controlled to a degree.  The possibility of variable refractive index is highlighted in 
three different examples for PP-Tyr/HEMA composite film which shows a lower refractive 
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index after increasing HEMA supply (Figure 6.11 B).  The PP-Tyr/TTIP film clearly 
shows a higher refractive index than the PP-Tyr film, but lower than that of the PP-TTIP 
film (Figure 6.11 C).  The change in refractive index to a higher value is a strong 
indication of the presence of titania and its role as an optical modifier of the films.  It is 
worth noting that refractive index variation is an important feature which can be adapted 
to many other plasma deposited systems as well.  Finally, all composite films exhibited a 
low absorption (k) value of less than 0.04 over the visible spectra, indicating relatively 
low absorption, important for optical coatings.  Once deposition parameters are 
established, it may be possible to design a process to yield a specified refractive index, 
based on predictive modeling, although this would be practical challenge. 
Figure 6.11:  Refractive index of: A) PP-Tyr/ACN, B) PP-Tyr/HEMA, C) PP-Tyr/TTIP 
coatings. 




































































Lastly, contact angle measurements were carried out on surfaces of all plasma 
polymerized films to assess the hydrophobicity of the samples.  The organic materials 
showed typical values ranging from θ = 60-75° indicating surfaces of moderate 
hydrophobicity.  The PP-TTIP film though showed a much higher contact angle around θ 
= 112°, which was considerably higher than values seen for the PP-Tyr, PP-ACN and 
PP-HEMA films.  The co-polymerized films of PP-Tyr/ACN and PP-Tyr/HEMA were 
relatively unchanged from the single monomer films, showing values in the range of θ = 
60-75°.  However, the PP-Tyr/TTIP film showed a dramatic decrease to around θ = 38°.  
This is significantly lower than the PP-Tyr film or the PP-TTIP film.  This dramatic 
change can be a result of the unique surface morphology seen, with the formation of the 
needle-like structures.  This presents an interesting application of these plasma co-
polymerized films for use in modification of fluid flow devices.  It is possible that other 
combinations of material co-polymerized in this manner can expand the range of surface 
chemistries available which can be tailored to specific applications.   
 
While these data offer glimpses into the composition and structure of the films, they are 
not the basis for a final conclusion of the film structure.  Further detailed chemical 
analysis to precisely determine the structure and specific compositional details of the 
plasma polymerized film must be done via techniques such as NMR.  This however, has 
proven difficult due to the insolubility of the films but future experiments are being 
designed to address these concerns. 
 
6.4 Conclusions 
A selected amino acid, L-tyrosine, was able to be co-polymerized with other synthetic 
organic and inorganic monomers via PECVD to form a stable and robust partially cross-
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linked composite coating with fine morphology formed by microphase-separated 
individual components which to great extent preserve their individual chemical 
composition and morphological features.  Co-polymerization of materials via sublimation 
PECVD demonstrates the ability to combine biological and non-biological molecules into 
a single uniform coating of several hundred nanometers thickness in a rapid, facile, 
solventless, one step procedure.  This co-polymerization method can be used to form 
biologically-active and biofunctionalized robust coatings by adding amino acids and short 
peptides for organic and inorganic matrices.  Amino acids used in this study can serve 
as a proxy for other biological molecules (such as short-chain peptides) which can 
potentially be co-polymerized in a similar fashion with other polymers and inorganic 
materials to produce robust films with desired compositions and enhanced surface 
functionality and compatibility.  Since the plasma polymerization fabrication approach 
can be widely applied to many different surfaces, this technique has the potential to 




CHAPTER 7 : Robust Plasma Polymerized-Titania/Silica Janus 
Microparticles 
Reprinted with permission from Anderson, K. D.; Luo, M.; Jakubiak, R.; Naik, R. R.; Bunning, 
T. J.; Tsukruk, V. V. “Robust Plasma Polymerized-Titania/Silica Janus Microparticles” 
Chemistry of Materials 2010, 22, 3259-3264. Copyright 2010 American Chemical Society 
 
7.1 Introduction 
Janus particles result from the assembly of two different components combined into a 
single unit along an interface which allows the design of multifaceted microparticles with 
unique directional interactions.267,268,269  The dual nature of the particle’s surface 
chemistry allows for their use in hierarchical assembly and is currently the subject of 
many experimental studies which exploit Janus–guided assembly.270,271,272,273  Many 
methods for creating Janus particles have been explored, covering a wide range of 
fabrication techniques from wet chemistry to microstamping.274  These methods include 
both chemical and physical means of construction utilizing both self-organization and 
top-down fabrication.  Some of the recent fabrication methods include deposition of 
modification layers to substrates via grafting to/from polymerization, self-assembly of co-
polymer and micelllar systems, vapor deposition techniques, layer-by-layer assembly, 
microfluidic co-flow, wax emulsion and microcontact printing, all of which are capable of 
creating a wide variety of Janus particles in different sizes and chemical 
compositions.272,275,276,277,278,279,280,281,282 
 
Additional types of particles, such as amphiphilic Janus particles, can be obtained via 
ligand-exchange reactions.283  These particles can spontaneously assemble in solution 
as a result of interactions between their functional groups.284  Reversible self-
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aggregation into regular monodispersed supermicelles has also been observed in 
amphiphilic Janus particles.285  Another example involving the self-assembly of 
zwitterionic Janus particles in aqueous solutions showed the formation of charge-
equilibrated aggregates caused by the charge asymmetry of individual particles.286  
Asymmetric functionalization was applied to polystyrene particles coated with 
multilayered films and stamped with polycations on the negatively charged particles.  
After dissolution from the polystyrene core, this yielded zwitterionic hollow Janus 
microcapsules.278  In addition to spherical Janus particles, discs, cylinders, and other 
biphasic structures have also been fabricated.287,288  Other intriguing examples of 
complex, structured particles and “patchy” microparticles decorated with gold nanodots 
have been assembled by Grzybowski and Möhwald.289,290  
 
Janus particles with a distinct biphasic chemistry combined in a single structure, are of 
interest since they possess both the physical and chemical properties of each phase 
present and thus display interesting assembling behavior not only in mixed solutions but 
also at interfaces.283,275,291,292,293  Assemblies of Janus particles result in minimized 
interfacial energy and corresponding spontaneous aggregation of particles into clusters 
with well-defined aggregation numbers and symmetries, not just simple strings.286,294  
These unique anisotropic interactions and assembly properties offer Janus particles 
great potential in a wide range of applications which require mesoscale ordering of 
microparticles such as prospective drug carriers, emulsion stabilizers, electronic paper 
matrices, anisotropic plasmonic materials and anisotropic imaging probes for both 
diagnostic and therapeutic purposes.282,295,296,297,298,299,300,301 
 
Toposelective modification methods have been previously used to coat microparticles, 
and are commonly used with a surface masking technique to prepare Janus 
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particles.280,281,302,303,304  While all of these techniques are able to create bifunctional 
particles of a variety of sizes, some processes suffer from tedious multistep fabrication, 
low yields of functional particles, and problematic stability of these particles.  It is our aim 
to provide a toposelective method for the facile fabrication of Janus particles.  Certain 
inherent material characteristics may result in a limited range of applicable chemistries 
and surface functionalities, which can limit the general applicability of a specific 
fabrication technique. 
 
Generally, chemical vapor deposition gives access to a host of different functionalities 
that can be used on solid microspheres, not available with traditional wet-chemistry 
approaches.305  Using a more sophisticated version, PECVD, the surface modifying 
material can be deposited across the entire substrate, coating the microparticles and 
masking layer.  The plasma polymerized coatings are usually chemically grafted to the 
particle surfaces with a properly selected composition.14,26  PECVD has been shown to 
rapidly create robust polymerized coatings of many different materials on a variety of 
surfaces and thus can be extended as a universal method in the fabrication of many 
types and compositions of Janus particles simultaneously without tedious prior surface 
modification, multiple functionalization steps, or a slow buildup of the “second 
face”.12,74,98,198,306 
 
Here, the universal fabrication of Janus microparticles from a variety of organic 
components is described.  Specifically, plasma polymerization is utilized to deposit 
different monomers onto the exposed surfaces of the partially embedded microspheres 
of titania and silica to demonstrate facile and robust preparation of organic-inorganic 
Janus particles.  Highlighted examples of acrylonitrile, pyridine, HEMA, NIPAAM and 
ferrocene materials, all of which are readily able to be deposited by plasma deposition 
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and represent examples of functional nanocoatings with the ability to further covalently 
graft or tether other materials to the particles and to act as redox-active and responsive 
coatings.307,308  This study is based on previous experience on planar PECVD 
polymerization, which can be applied to a range of surfaces and generate unique robust 
conformal coatings.44  This allows different physical and chemical properties to be 
imparted to the surface of the inorganic microparticles and 
microstructures.29,33,51,198,259,309 
 
7.2 Experimental Details 
Polystyrene (PS, Mw=250,000) and toluene were purchased from Janssen Chimica and 
J.T. Baker.  SiO2 particles with diameter of 3 µm and TiO2 particles with diameter of 3 
µm were purchased from Microspheres-Nanospheres Corpuscular Inc.  The PS was 
dissolved in toluene at low concentration and spun coated onto a silicon substrate.  
Variations in the concentration of the PS solution and spin coating speed were used to 
prepare sacrificial layers of different thicknesses.  A spin speed of 1500 rpm at solution 
concentration of 12 wt% was used to fabricate layers from 1.4-1.6 µm in thickness.  The 
thicknesses of the spin-cast PS films were measured using ellipsometry and an AFM 
scratch test.  The microparticles were suspended in ethanol to form a dilute solution 
concentration (approx. 1 mg/mL) which was then cast on the PS film.  A drop of the 
solution (100 µl) was placed on the PS coated wafer and allowed to dry.  After casting of 
particles on the PS film, the system was heated to 135ºC for 3 hours and then slowly 
cooled to room temperature.  This process allowed the particles to partially sink into the 
PS layer (Figure 7.1).  To embed them further in a controllable manner, additional 
calibrated hydrostatic pressure must be applied uniformly to the particles.  This was 
done by placing a clean 5 x 5 cm2 silicon wafer with a small weight on top of the 
specimen to distribute force evenly.  In this instance a 150g mass was evenly distributed 
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through a plate to the particle surface, where the particles were dispersed on a 2x1 cm2 
silicon wafer.  The amount of pressure applied must be determined experimentally for 
each case as it is highly dependent on the viscosity of a particular PS solution, the size 
of the particle and the temperature at which it being heated.  Typically higher heat and 
pressure will cause the particle to be embedded further in the masking layer. 
 
The monomers acrylonitrile, ferrocene, HEMA, NIPAAM and pyridine were purchased 
from Aldrich and used as received.  Plasma depositions were carried out in a custom 
built PECVD vacuum chamber according to established procedure.1  Liquid monomers 
Figure 7.1:  Janus particle fabrication using a sacrificial layer to embed the particles 
prior to plasma polymerization.  Upon dissolution of the PS layer, the particles are 
released with a characteristic half coating.  Chemical structures of selected 
monomers are presented as well. 
139 
	  
were placed in a sealed tube connected to the reaction chamber and vaporized directly 
into the plasma stream.  Solid monomers were directly sublimed into the plasma stream 
by heating the monomer in a tantalum crucible in the reaction chamber.44,73  The pyridine 
and acrylonitrile were deposited under identical conditions at a chamber pressure of 6.7 
Pa, 30W of power applied to the plasma and an argon flow rate of 10 cm3/min.  The 
plasma was run for 5 minutes.  The ferrocene was deposited under modified conditions 
since it was done via sublimation.  A pressure of 2.7 Pa was used with an applied power 
of 45W.  The argon flow rate was 20 cm3/min and exposure time was 12 min.  The 
ferrocene was heated to approximately 120°C for sublimation. 
 
After the plasma polymer coating is applied, the microparticles were washed with hot 
toluene (50 ºC) and centrifuged six times, each time removing the supernatant, to 
remove all PS from the particles.  The particles were then sonicated to help separate 
particles which may have agglomerated.  Upon completion of the sonication, the 
particles were suspended in toluene and cast on a clean silicon wafer substrate for 
characterization.  Some particles were subject to an etch with 8% hydrofluoric acid while 
sitting on the silicon wafer to remove the central silica particle.  The etch lasted for 2 
hours and then the sample was gently rinsed with copious amounts of Nanopure water 
and dried under dry nitrogen. 
 
The fluorescent dye Fluorescein isothiocyanate (FITC) was purchased from Fluka, which 
was then dissolved in ethanol and used as the dying solution.  The SiO2-ACN Janus 
particles were placed in the dye solution for 8 hours and then washed with ethanol 
several times.  The solution was sonicated for 30 seconds before washing with ethanol.  
The silver nanoparticles, with an average diameter 30 nm, were prepared according to 
the literature.310  The TiO2-pyridine Janus particles were placed in a solution of silver 
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nanoparticles for 3 hours to assure selective adsorption on pyridine surface and washed 
with Nanopure water several times.  The solution of particles was then drop-cast on the 
surface of a silicon wafer for characterization. 
 
All AFM, SEM and EDX characterization was done according to the procedures outlined 
in Chapter 3.  The confocal fluorescent microscope images were recorded via a Carl 
Zeiss Laser Scanning Microscope LSM 510 with FITC reflector and objective of Fluar 
40*/13 and plan-Neofluar 63*/1.25 oil. 
 
7.3 Results and Discussion 
7.3.1 Fabrication and Coatings 
The masking technique utilized in this study was adapted from a previous fabrication 
process (Figure 7.1).302  By varying the thickness of the PS layer, the masked areas of 
the spheres can be tailored to cover varying portions of the particles surface.  After the 
silica and titanium dioxide microparticles were embedded in the PS layer, selected 
materials could be effectively plasma polymerized on open surface areas.  The residual 
PECVD film was removed during rinsing and sonication since the free-standing film is 
not tethered to a surface.  Because the film is thin, the particles can easily break from 
the free-standing film after the sacrificial layer is dissolved.   
 
These selective plasma polymerized coatings remain firmly attached to the particles as 
the sacrificial polystyrene layer was dissolved and the Janus particles were released 
(Figure 7.2).  The coverage areas of the particles with the polymerized coatings can vary 
over a wide range: from a high ratio of up to 75% of the area coated (Figure 7.2 C) to an 
equal ratio with approximately 50% coated area (Figure 7.2 D), down to 25% coated 
(Figure 7.2 E).  The protect-and-release method proves to be a critical step and can be 
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applied in a number of different fabrication scenarios.  Embedding the microparticles into 
an easily removable sacrificial layer facilitates the protection of the embedded portion 
while allowing further modification to the exposed portion.  This leaves the protected 
portion of the particle clean for further modification later.  By utilizing easily dissolvable 
polymer layers of different thicknesses, the microparticles can be easily coated to a 
controlled degree of surface coverage through toposelective modification before final 
release of the modified particles through dissolution of the masking layer. 
 
Figure 7.2:  A) SEM image of 3 µm silica particles half embedded in a PS layer.  B) 
Embedded particles at typical depth in the PS layer.  C-E) Janus particles with controlled 
coating coverage: ¾, ½, ¼ coverage of particles with acrylonitrile on silica microspheres. 
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Additional studies also investigated the viability of monomers such as NIPAAM and 
HEMA with the anisotropic particle fabrication process.  Both monomers are well known 
to undergo plasma polymerization from literature and from previous experiments.  These 
materials were deposited on 3 µm silica particles and processed according to the 
standard processing metrics for other particles.  Both materials showed excellent half 
coatings with very clearly defined sections when observed under SEM (Figure 7.3).  The 
PP-HEMA coating on the microparticle had a very clear and distinct boundary, which 
was visible in an orientation that provides a means of estimating the coating thickness at 
Figure 7.3 A,C) SEM images of PP-NIPAAM half coatings.  B) PP-HEMA on silica 
particle.  D) High magnification of PP-HEMA showing fine detail of the coating. 
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approximately 100 nm.  These are excellent examples of conformal coatings, which are 
nicely cleaved at the edge of the particle, and show generally smooth and uniform 
surface morphologies confirming again that this process can be broadly applied.  By 
applying and processing these monomers to the microparticles, it is hoped that further 
experiments will be able to investigate the responsive nature of these coatings. 
 
7.3.2 Composition and Morphology 
The materials selected in this study show the compatibility of the PECVD process on 
complex topologies with both liquid phase monomers and sublimation depositions.  SEM 
imaging of individual microparticles shows selective, one-face deposition on their 
surfaces with a clear delineation of polymer coated/non-coated.  Images of PECVD-
fabricated ferrocene, acrylonitrile and pyridine on 3 µm silica spheres show a PP coating 
covering approximately 50% of the total surface area of the particle with a well-defined 
boundary (Figure 7.4 A, B, C).  The same monomers were deposited with similar results 
on 3µm titania microparticles as well (Figure 7.4 D, E, F).  On both types of particles 
explored here, the plasma polymerized coating was seen to be conformal to the surface 
with a sharp delineation between the plasma polymerized region and the bare 
silica/titania region that was masked.  Estimation of the thickness of the plasma 
polymerized layer on the microparticles from the images was 200-300 nm, which was 
consistent with the expected film thickness of a typical plasma deposition of the same 




Compositional analysis of the PP coatings on the Janus particles shows the polymerized 
materials were deposited as expected.  EDX shows iron was present on the coated side, 
along with an increase in carbon from the ferrocene material (Figure 7.4 D).  Full EDX 
spectra from each particle coating show a similar trend with more carbon and certain 
trace elements seen in the section with the coating as opposed to the uncoated half of 
the particle (Figure 7.4 J,K,L).  In the case of pyridine, both nitrogen and an increased 
carbon signal were present.  Acrylonitrile coating also showed an increased carbon 
content for the polymerized region. 
 
Figure 7.4:  A-C) SEM images of various coatings on silica and D-F) on titania 
microparticles via plasma polymerization: A & D) ferrocene; B & E) acrylonitrile and C & 
F) pyridine coatings.  G-L) shows EDX of the particles in D-F with G-I being the signal 
from the uncoated side and J-L being from the coated part.  The inset in D) clearly 
shows the presence of iron and carbon on the coated portion of the particle.  Scale bar = 
1.0 µm for all images. 
145 
	  
AFM topography and phase images of a 1x1 µm2 area show the polymerized regions on 
the apex of the silica microparticles (Figure 7.5 A, B, C).  All images show a uniform 
surface morphology of the different PP coatings with a fine, grainy surface morphology 
free of microscopic defects.33,44,51  This indicates the presence of a complete, uniform 
layer, which conformally coats the designated highly curved surface areas of the 
microparticles.  These images were obtained prior to the release of the particle from the 
PS sacrificial layer due in large part to the significantly more stable configuration of the 
particles.  In this instance, the particles were immobilized on the surface as opposed to 
one after washing which are cast upon the substrate, but free to move.  The 
immobilization of the particles allows for greater ease in collecting the data from the 
surfaces even with the limited area available for scanning.  The limitation of the scanning 
area is evidenced by the characteristically dark edges seen in the images as the surface 




Figure 7.5:  AFM topography (left) and Phase (right) of plasma coatings on 
microparticles. A) Ferrocene (z= 200 nm, 50°); B) acrylonitrile (z= 100 nm, 50°); C) 
pyridine (z= 130 nm, 60°). 
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7.3.3 Particle Coating Modification 
Different plasma polymerized coatings can be employed for the selective adsorption of 
metal nanoparticles, site-selective grafting, potential biological activity, and generation of 
distinct optical responses as briefly discussed below.  The Janus particles with the ACN 
coating were placed in a fluorescent dye solution and were seen as half particles under 
confocal fluorescent microscopy due to the selective grafting of the fluorescent dye 
molecules to the highly reactive polymer coating (Figure 7.6 A, B).  This was seen as 
regions of bright and dark green on the particles, where the brighter regions fluoresce 
under the incident light more readily when located on a surface in a higher 
concentration.  The darker region has subsequently less fluorescent dye present and 
was not illuminated to the degree which the polymer coated regions were. 
 
Pyridine coated micro particles can serve as templates for further modification with 
citrate-modified silver nanoparticles which selectively were adsorbed to the plasma 
polymer and firmly grafted to the reactive pyridine surface in greater numbers in contrast 
to the uncoated silica portion of the Janus particle (Figure 7.6 C,D).  This method of 
fabrication was compared to a conventional layer-by-layer (LbL) (Figure 7.7 B) and 
encapsulation assembly approach.  Both approaches showed a strong EDS signal 
indicating the presence of silver nanoparticles on the surface.  The use of XPS for this 
and other studies of the detailed composition on the coated microparticles was an 
experiment that would be useful to help determine differences in the particle coating 
resulting from the 3D geometry of the film and the solvent washing.  XPS is limited 
however, in the area that can be seen and collected (30 µm spot size) making the 
analysis of these Janus structures by this technique not currently possible.  Plasma 
coating is generally perfered to LbL assembly in this case as it is a more rapid process 




The micro particles modified with PECVD were compared to the same microparticles 
coated with films from conventional spin coating to provide a comparison between 
different fabrication methods.  Spin coating was used to compare not only the polymer 
coatings, but specifically the ability for metallic nanoparticle retention on the microsphere 
surface.  Using the same particles embedded in a PS masking layer, alternating layers 
of polystyrene sulfonate (PSS) and poly(allylamine hydrochloride) (PAH) (0.2% wt. conc. 
solution) were spun coat on to the microparticles and released using the same toluene 
rinsing method.  The LbL microparticle coatings fabricated by LbL showed a very clear 
and stable coating on the silica spheres and were also capable of supporting the 
Figure 7.6:  A and B) Half-fluorescent Janus particles with selectively grafted dye 
molecules.  Arrows indicate fluorescently labeled regions of the particles.  C) Pyridine-
coated Janus particle with selectively tethered silver nanoparticles.  D) EDX spectra 
confirming the presence of silver from (C). 
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addition of metallic nanoparticles in the LbL film in a similar manner to the ones reduced 
on the surface (Figure 7.7 A, B). 
 
The presence of silver encapsulated in the polymer coating is confirmed via EDX spectra 
(Figure 7.7 C).  This provides a demonstration of a multi-step wet chemical means to 
fabricate a similar system to what PECVD allows for in a single deposition.  The PECVD 
deposition also has the advantage of being compatible with many different materials.  A 
similar type of spin coating was much more limited in the number of material systems 
that it is compatible with and takes a significantly longer time to complete than the 
PECVD version due to the spin coating process.  Spin coating still produces high quality 
Figure 7.7:  A) Layer by Layer PSS-PAH construction on silica microsphere.  B) Silver 
nanoparticles encapsulated in LbL film.  C) Corresponding EDX spectra show 
presence of silver. 
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coatings on the microspheres and may act as an alternative means of fabricating particle 
half-coatings with modifying materials in certain situations. 
 
7.3.4 Free-Standing Half Shells 
Robust half-shell, free-standing polymerized structures can be obtained upon the 
release or dissolution of the inorganic cores.  These anisotropic free-standing structures 
demonstrate that the plasma polymerized coatings covering the microspheres can be 
released, without damage, as robust half-shells which can undergo release, drying and 
Figure 7.8:  Pyridine coatings A) released shells along with some containing cores B, 
C, D) pyridine anisotropic caps.  All scale bars 3 µm 
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transfer to high vacuum without losing their original shape.  The first method of 
producing these anisotropic structures was through extensive sonication of the polymer 
coated silica spheres.  This method was demonstrated using pyridine, which was the 
material coating it worked most reliably with.  It is theorized that PP-Pyridine may also 
have lower adhesion to the silica particle surface, facilitating the release of the cap.  
These half-shelled structures demonstrate the robust nature of plasma polymerized 
films, showing their ability to be self-supporting and stable through ultrasonication cycles 
and during release.  This type of stability was generally thought to be a result of the high 
degree of cross-linking in the plasma polymerized films.  In addition to the free-standing 
curved structures, two-dimensional free-standing films were also routinely observed from 
many different materials including PP-Tyr.  Free-standing films are seen after incomplete 
washing of the particles and tend to be smaller with the more sonication cycles that film 
has been subjected to.  The stability of the half shells was one demonstration of the 
mechanical robustness possible with plasma polymerized materials.   
 
While the sonication method of releasing pyridine caps worked well for that specific 
material, other materials, such as PP-NIPAAM caps, did not behave the same way and 
were not easily released through an extended sonication regime.  Extended sonication 
tended to destroy the polymer coating completely leaving no cap.  Thus, a different 
release method was employed using HF to dissolve the silica cores away from the 
plasma polymerized coating.  The dissolution method showed excellent compatibility 
with PP-NIPAAM, producing many free-standing structures after complete dissolution of 
the core (Figure 7.9).  The PP-NIPAAM was also robust against the low pH of the acid, 
which has been observed to readily dissolve PP-P2VP films below a pH of 3.  After the 
dissolution of the silica core, two very distinct types of caps were seen.  The first caps 
observed showed the PP-NIPAAM collapsed and wrinkled on the surface, as it was 
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unable to support itself after being recast on a clean silicon wafer.  This was likely due to 
either the coating layer being too thin or the film having insufficient cross-linking to 
become fully self-supporting.  The next set of PP-NIPAAM caps showed that after core 
Figure 7.9:  SEM micrographs of PP-NIPAAM caps after dissolution of the silica core.  
A, B) released self-supporting caps with a single folding axis.  C) released cap with 
multiple folding points.  D) Nested caps.  E, F) released caps after collapse. 
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dissolution, excellent self-support and retention of the rounded shape of the microsphere 
was possible.  The caps show some curling near the edge and were observed to have 
both single and multi-folding axes’, but were robust and stiff enough to remain self-
supporting and not undergo collapse upon rinsing, casting and drying.  The PP-NIPAAM 
caps are in contrast to the PP-Pyridine caps which tended to hold their shape better and 
did not show folding or collapse when washed and recast on a surface. 
 
7.3.5 Biomaterial Coatings 
Selective particle absorption and reduction may be extended to include many different 
inorganic materials mineralized via biological molecules such as amino acid and peptide 
coatings on the Janus particle.  To this end, different amino acids have been attempted 
to be polymerized onto silica microspheres, creating biomolecular Janus particles 
(Figure 7.10).  These types of coatings, especially ones of certain functional peptides, 
could play a key role in facilitating the interface of biological systems with these sorts of 
engineered structures.  The demonstration of amino acid coating conformally to 3D 
surfaces shows that PECVD can be used as a method to create such complex 
Figure 7.10:  A) PP-His coated microparticles and B) PP-Tyr coated microparticles. 
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topologies of biological functionality.  However, these coatings do not exhibit the same 
uniform and sharp surface coatings as other materials, leading to rougher and less well 
defined boundaries on the surfaces of the microparticles.  This may be a result of 
variations with the sublimation polymerization process of the amino acid monomers. 
 
The PP-His coated particles were seen to exhibit a more uniform coating on the surface 
of the microparticles with some distinct coated and uncoated areas.  The PP-Tyr coated 
particles showed a similar type of coating clearly visible on the microparticles, but not as 
clearly defined as synthetic monomers.  The surface of the coatings appear somewhat 
smoother and more conformal to the microparticle’s surface than the PP-His coating.  
Both the PP-Tyr and PP-His coated microparticles showed instances of stable and 
unstable coatings as a result of the plasma deposition process.  Some microparticles 
showed Janus structures and other particles put through the same post-processing did 
not.  Some particles were rinsed and sonicated and showed no film degradation while 
others showed microparticles with no coatings.  The choice of solvent is highly important 
as toluene exposure had a vastly different effect when compared to water.  This 
highlights the need for careful design and deposition of the plasma polymerized films in 
conjunction with curved geometries, which can significantly affect the integrity of the film.  
The deposition of these materials onto microparticles is an ongoing area of research and 
the improvement of the uniformity, conformality and robustness of the coatings is critical 
in allowing these types of particles to be fabricated in large numbers. 
 
7.4 Conclusions 
The Janus particles detailed here represent a selected portion of many systems tested 
and have thus far, shown the highest potential for further utilization.  Other monomers 
including dopamine, methylamino ethanol, 2-vinyl pyridine, hexafluorobenzene, and 
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polyethylene glycol were tested, but did not yield as promising results for microparticle 
coatings as the monomers shown.  With further development, these and other 
monomers may prove to be viable microsphere coating materials.  This highlights the 
universal nature of the plasma polymerization approach to the fabrication of robust 
organic/inorganic Janus particles covering a broad range of functionalized and biological 
materials.  While this fabrication method is limited to the surface (2D) fabrication regime, 
it is estimated that the simultaneous construction of up to 108 particles is possible, based 
on the size of the particles, substrate and the density with which the particles are coated 
on the surface.  This shows a significant increase in the number of particles over other 
methods, which are usually used on a smaller or even single particle scale.  The mask 
and release coating systems demonstrates a facile, fast, and scalable approach that 
allows selective polymerization on embedded particles, generating functionalized 
organic-inorganic robust Janus particles.  PECVD neatly accommodates the coverage of 
a relatively large surface area with complex topologies when compared to conventional 
microprinting with planar stamps.  PECVD also does not require any post deposition 
treatment of the particles for curing, cross-linking or stabilization.   
 
Many Janus particles can be rapidly fabricated in a single plasma deposition cycle on 
hard inorganic spheres through the use of PECVD.  The process described uses silica 
and titanium dioxide microspheres (~3 µm diameter) and can be applied to a wide range 
of other substrates.  The coatings used cover a wide range of monomers readily 
deposited in a single step, which can be further diversified in future studies.  The Janus 
particles were fabricated without the need for extensive and tedious wet chemical 
synthesis, electrostatic assembly or microprinting to modify the microparticles’ surfaces.  
Using the plasma deposition technique, a wide variety of material systems can be used 
to create Janus particles with a large range of surface chemistries for different 
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applications.  Examples of five different reactive organic monomers ranging from 
conventional acrylic compounds to organometallic molecules and amino acids all were 
utilized successfully.  Finally, half-fluorescent, half-metal-decorated, and half-shelled 
structures all were demonstrated as examples in the current study of further unique 








Material systems capable of autonomous, self-actuating response to specific stimuli are 
desirable in a wide range of applications including thermal and chemical sensing, 
tunable optics, targeted drug delivery, switchable surfaces and micro 
actuators.16,199,202,311,312,313  Designing materials which are capable of generating a 
response from the stimulus itself eliminates the need for additional and complex 
triggering and control mechanisms as the response process will be fully contained within 
a layer of material integrated into the larger system.  Polymeric thin films are one 
responsive system which have been utilized in an array of applications through a variety 
of synthesis methods and materials.  Responsive thin films, such as poly(N-
isopropylacrylamide) (pNIPAAM), exhibit a response, typically as a change in thickness, 
under appropriate conditions as has been widely reported in recent literature, including 
examples with UV-photografting and chemical vapor deposition (CVD).49,314,315,316,317,318  
This type of switching behavior can be used to drive mechanical changes in systems, 
actuate folding behavior, alter surface mechanical properties or enhance switchable cell 
scaffoldings.32,87,319,320 
 
Plasma enhanced chemical vapor deposition (PECVD) is a specific deposition technique 
in the wider CVD family, which has been used extensively to polymerize a wide variety 
of materials directly onto target substrates, both planar and textured for numerous 
surface modification applications.7,12,19,21,46 PECVD polymerization is a unique thin film 
fabrication method which allows the direct deposition and polymerization of a wide 
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variety of monomers directly on a target substrate through a one step, robust, solvent-
less deposition process.14,18 
 
This technique has been adapted for use with soft matter and allows facile, rapid and 
solvent free synthesis of highly cross-linked polymer networks which are typically very 
stable on the substrate.  The range of monomers available for deposition using PECVD 
covers many traditional monomers such as polystyrene, polyethylene glycol and 
benzene to responsive materials like poly(2-hydroxyethyl methacrylate), poly(2-
vinylpyridine) and pNIPAAM to biological monomers such as functional amino 
acids.3,40,41,44,45,321  PECVD allows deposition of many monomers under “dry” conditions 
meaning that only the pure monomer and no additional solvents, surfactants or reactants 
are needed in the synthesis of the film.  This becomes especially useful for depositions 
of materials which may otherwise require complex wet chemical procedures to firmly 
attach to some surfaces.  Radicals formed by the plasma on the surface of the substrate 
help bind the monomer to the surface regardless of the specific chemistry.   
 
Many of the CVD techniques used for fabrication provide a facile method to coat 
materials onto any surface rapidly in a single step, which is considered an advantage 
over the use of bulk polymers synthesized by other wet chemical methods in some 
scenarios.  Bulk polymers and hydrogels typically show a greater response, on the order 
of 100% greater, much more than plasma polymerized films.  Crosslinked hydrogels 
have much lower cross-linking densities and more regular polymer networks than 
plasma polymerized films allowing hydrogels to exhibit a greater swelling response.88  
PECVD offers the advantage of creating ultrathin films which are compatible with almost 
any substrate, even without prior modification.  PECVD also readily allows the addition 
of a second material to the PP-NIPAAM when co-polymerized during the same 
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deposition.  In this study, titanium isopropoxide is co-polymerized to construct a thin film, 
which exhibits a higher refractive index than the PP-NIPAAM while still maintaining some 
of the responsiveness of the PP-NIPAAM.  This provides an effective means of 
fabricating rapidly responsive films with tailored high refractive indices.  Previous studies 
have addressed pNIPAAM as a plasma polymerizable material, which retains its well-
known and characteristic response.40,41,314 
 
Hess et. al. have conducted extensive investigation into different plasma deposition 
conditions of PP-NIPAAM looking at temperature and pressure effects on the cross-
linking during film deposition via FTIR.40  Changes in the surface were observed under 
contact angle, which was altered significantly upon heating and cooling indicating that 
plasma polymers exhibit the same LCST behavior of bulk materials.  Measurements of 
water uptake in the films by QCM also provided evidence as to the swellable nature of 
plasma polymerized NIPAAM films.41  Ratner et al. has also investigated the LCST 
effects in plasma polymerized NIPAAM showing AFM mechanical data which correlates 
a change in response of the film with a change in temperature confirming the switchable 
nature of these films.314,72  A significant demonstration of control of the LCST has been 
recently shown by Gleason et al. using iCVD.  It can be shifted significantly (16-28 °C) 
depending on the relative amount of co-monomer added to the film during deposition.322  
These films also showed a similar rapid response compared to other reports, further 
indicating NIPAAM thin films potential use in rapid, responsive microactuators or MEMS 
devices.  Optical characterization of co-polymerized materials demonstrates swtichability 
of responsive ultrathin films.  A demonstrated capability of rapid switchability of PP-
NIPAAM and co-polymerized PP-NIPAAM/TTIP films and the accompanying change in 
the refractive index and thickness is shown here.  Rapid and robust substrate adhesion 
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provided by PECVD is a major advantage when applying optically responsive coatings to 
surfaces as well as reversible switching as demonstrated here. 
 
8.2 Experimental 
All monomers, N-Isopropylacrylamide (97%) and titanium(IV) isopropoxide (99%) were 
purchased from Aldrich and used as received for all subsequent plasma processes 
(Figure 8.1).  pNIPAAM (Mw = 19000-26000) was purchased from Sigma-Aldrich and 
dissolved in Nanopure water at a 2% concentration.  The solution was then spin-cast on 
a clean silicon wafer at 3000 rpm for 30 seconds. 
 
Samples utilizing the TTIP monomer used an additional carrier gas of oxygen at a flow 
rate of 40-70 sccm filtered through the liquid monomer to assist with vaporization of this 
monomer.  The deposition times ranged from 2-10 minutes depending on the desired 
thickness of the final film.  The solid NIPAAM monomer was heated in a water bath to 
80° C to liquefy it for vaporization into the plasma.  This allowed the NIPAAM monomer 
to melt and vaporize into the plasma chamber when the flow valve was opened.  Careful 
control of the monomer flow was needed to ensure that the flow rate was kept low for a 
slower deposition rate.  It was observed that films deposited under very high deposition 
rates of over 100 nm/min generally lead to films that were unstable and either 




delaminated from the surface or were otherwise compromised, most likely due to internal 
stresses.  The monomer inlet was downstream of the plasma generating zone.  The 
titanium isopropoxide monomer was placed in a custom-built bubbling apparatus for 
vaporization and heated to 60ºC in a water bath.  The tubing connecting the bubbler to 
the plasma chamber was also heated to prevent condensation of the monomer before 
entering the plasma chamber.  After plasma polymerization, the films were removed 
from the chamber and stored under normal atmosphere for a minimum of 48 hours 
before further testing was carried out to allow any residual internal stresses in the films 
to equilibrate. 
 
8.3 Results and Discussion 
8.3.1 Surface Morphology 
Large scale AFM images of PP-NIPAAM films show a uniform surface coverage of the 
polymer with no visible pinholes or defects in the film deposited on a clean silicon 
surface (Figure 8.2 A).  It was also observed that there are no major changes or features 
in the surface morphology.  The surface microroughness of the PP-NIPAAM film 
measured by AFM is less than 0.4 nm over a 1x1 µm2 area, indicating a very smooth 
and uniform plasma deposition of the polymer close to literature.27,325  The uniform 
surface creates a more ideal system for responsive testing, theoretically with less 
variation among various locations, providing a more indicative picture of the films actual 
response.   
 
Corresponding high resolution AFM imaging of the PP-NIPAAM film shows a uniform 
film without many unique features as compared to the PP-TTIP film (Figure 8.2 B).  This 
type of film morphology matches uniform polymerization and is important as it governs 
the surface roughness and wetting characteristics of the films.  The PP-TTIP film was 
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deposited under an oxygen enriched argon atmosphere in the plasma chamber and 
showed a surface morphology with many fine, round features which form a much 
Figure 8.2:  AFM of A, B) PP-NIPAAM (Z=2 nm), C, D) PP-TTIP (Z= 16 nm), E, F) PP-
NIPAAM/TTIP (Z=14 nm) at low and high magnification. 
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rougher surface (Figure 8.2 C,D).  Previous studies have detailed the use of different 
deposition atmospheres with titania precursors and found that oxygen rich atmospheres 
will allow for more complete oxidation to the Ti4+ state to occur.  This promotes the most 
complete conversion of the precursor to titania versus an argon atmosphere and 
produces more stable films.258  The surface roughness was measured at 2.6 nm, a 
marked increase from the PP-NIPAAM film and results directly from these characteristic 
features.   
 
AFM of the PP-NIPAAM/TTIP film shows a surface morphology composed of features of 
both pure material films (Figure 8.2 F).  Some larger, distinct circular features were 
visible on the surface, but which appear to be coated and not as distinct as the pure PP-
TTIP.  No fine surface structures were seen in the PP-NIPAAM film was visible on the 
copolymerized surface, which was likely a result of film mixing and residual methyl group 
reactions from the TTIP monomer.  The surface microroughness was measured at 1.8 
nm  The film appears to be uniform and free of defects, indicating the plasma deposition 
process uniformly coats the substrate surface. 
 
8.3.2 Chemical Composition of Thin Films: FTIR & XPS Analysis 
FTIR and XPS measurements of the PP-NIPAAM, PP-TTIP and PP-NIPAAM/TTIP films 
confirm their composition and determine if any major structural changes were occurring 
during polymerization.  The peak assignments for PP-NIPAAM spectra show an N-H  
(secondary amide) stretch at 3272 cm-1 and a C-H asymmetric stretch at 2973 cm-1.  
Carbon bonding in PP-NIPAAM side chains include a C=O (amide I) stretch at 1645 cm-
1, C-H bending at 1463 cm-1 and two final peaks at 1390cm-1 and 1366 cm-1 which are 
indicative of the methyl groups in the structure.  N-H (amide II) stretching is also seen at 




Table 8.1:  FTIR peak assignments for plasma polymerized films. 
	  	   PP-­‐NIPAAM	   pNIPAAM	   PP-­‐NIPAAM/TTIP	   PP-­‐TTIP	  
N-­‐H	  stretch	   3272	   3275	   3272	   	  
O-­‐H	  stretch	   	   	   	   3252	  
C-­‐H	  stretch	   2973	   2974	   2973	   	  
C=O	  stretch	  (amide	  I)	   1645	   1640	   1646	   	  
C-­‐C	  stretch	   	   	   	   1628	  
N-­‐H	  stretch	  (amide	  II)	   1547	   1548	   1548	   	  
C-­‐H	  symmetric	  bending	   1463	   1462	   1454	   	  
C-­‐CH3	  methyl	  bending	  I	   1390	   1389	   1384	   	  
C-­‐CH3	  methyl	  bending	  II	   1366	   1368	   	   1376	  
Ti-­‐O	   	   	   697	   699	  
 
The retention of these methyl groups was important as it is believed that they are 
contributors to phase transitions in the PP-NIPAAM film.314  The same peaks were seen 
in the spun-cast pNIPAAM film with some slight shifting.  This provides verification that 
the plasma polymerization process did not causes significant degradation to the 
NIPAAM monomer during the plasma process.  The PP-NIPAAM spectra also showed 
excellent agreement compared to the spun-cast film of pNIPAAM and is in agreement 
with literature.3,314,323   
 
The expected peaks of Ti-O at 699 cm-1, residual carbon bonding at 1628 cm-1 and 
methyl groups at 1376 cm-1 were seen in the PP-TTIP film as previously noted.325  The 
mixed PP-NIPAAM/TTIP film showed distinguishing characteristics of both materials with 
a Ti-O peak at 697 cm-1 and the characteristic peaks of PP-NIPAAM at 1646 cm-1, 1548 
cm-1, 1454 cm-1 and 1384 cm-1 (Figure 8.3).  Some broadening of these peaks was seen 
in comparison to the pure PP-NIPAAM film, which was likely the result of the excess 
carbon content in the TTIP monomer, deposited on the surface as a byproduct.  Overall, 
the FTIR spectra indicate that the monomers are deposited intact, without significant 
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alteration and combine well to form a mixed film with strong characteristics of both 
precursor monomers. 
 
XPS analysis of all plasma polymerized films verified the expected compositions which 
correspond directly to the chemical structures of the monomers (Figure 8.4).  High 
resolution XPS of the carbon content of all three films showed the expected C-C and C-
H bonding referenced at 285 eV.3  The PP-NIPAAM film showed the presence of a 
carbonyl group (C=O) at 287.7 eV.  This peak was also seen in the PP-TTIP film at 
288.9 eV and through de-convolution of the PP-NIPAAM/TTIP film spectra at 287.6 eV 
(Figure 8.5).  As the two materials were mixed, this peak shifts closer to that of the PP-
NIPAAM due to the increasing number of carbonyl groups of NIPAAM.  PP-NIPAAM 






























































































Figure 8.3:  FTIR of A) Spun-cast PP-NIPAAM, B) PP-NIAAM, C) PP-NIPAAM/TTIP, 
D) PP- TTIP. 
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films showed strong carbon, oxygen and nitrogen peaks and PP-TTIP films showed the 
expected titanium, oxygen and residual carbon peaks, which resulted from the methyl 
groups attached to the titanium atom in the monomer.  Under appropriate conditions, 
these excess groups form polymerized methyl groups on the surface as well.258  The 































































































Figure 8.4:  XPS of A)PP-NIPAAM, B)High resolution carbon signal of all three 
materials. C) PP-TTIP, D) High resolution of the titanium signal from the PP-TTIP film.  
E)PP-NIPAAM/TTIP and F) High resolution of the titanium signal from the PP-
NIPAAM/TTIP film after surface etching. 
167 
	  
copolymerized film also showed the characteristic peaks of carbon, oxygen and nitrogen, 
but the surface scan did not reveal the presence of titanium.  XPS surface scans only 
penetrate approximately the first 10 nm of the film and therefore only reveal the surface 
composition.  However, upon etching of the film, a titanium signal emerges and becomes 
very distinct after ten etch cycles (Figure 8.4 F).  This indicates that there is a layer of 
NIPAAM or residual carbon covering the film, which may occur as a by-product of the 
monomer inlet arrangement since the NIPAAM monomer was positioned closer to the 
substrate than the TTIP inlet. 
 
8.3.3 Film Responsiveness 
Both PP-NIPAAM and PP-TTIP films were deposited independently prior to co-
deposition testing.  This allowed for independent evaluation of each film to establish an 

































































expected response magnitude prior to mixing the two materials. Nominal thickness 
values of all films tested were ~200 nm as measured via ellipsometry. 
 
The PP-NIPAAM films fabricated here exhibit a response when exposed to a high 
humidity.40,41,49  This is manifested as a change in thickness as measured by 
spectroscopic ellipsometry under varying environmental conditions.  The high humidity in 
the atmosphere causes swelling of the PP-NIPAAM film in its hydrophilic state below 


































Figure 8.6:  Responsive ellipsometry data plots showing on/off of moisture in thickness 
v. time comparing the rapid response of A) PP-NIPAAM and B) PP-NIPAAM/TTIP. 
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LCST as compared higher temperatures where swelling is much less pronounced.  The 
response shown was obtained through the rapid switching of dry (1.5 % relative 
humidity) and moisture saturated nitrogen (95 % relative humidity) that was directly 
exposed to the film while it was on the ellipsometer stage under a continuous, dynamic 
measuring regime, which collected measurements at regular intervals.  Both single, long 
moisture exposure and the short, rapid switching regimes were demonstrated (Figure 
8.6, Figure 8.7).  A full recovery to the initial state is observed in the cycling tests.  
Generally, the PP-NIPAAM film showed a 16 to 20 nm change in thickness (12%) and a 
response time on the order of two seconds at 25°C.  This swelling ratio was smaller than 
traditional swollen hydrogel systems, which can range up to one hundred percent or 
more.  This is due to the higher cross-linking density in these plasma polymerized films.  
UV-photografted pNIPAAM examples from the literature showed similar response times, 
but significantly larger swelling ratios given the lower cross-linking occurring in the 
films.314  The single transitions profiles showed that even during longer exposures to 
moisture, the transition in thickness is rapid and stable at both high and low humidity 
conditions (Figure 8.7).  One theoretical method for controlling the degree of the 
response is though the adjustment of the cross-linking density.  Higher crosslinking 
typically will lead to less swelling as the film is more tightly constrained.  The other 
possible method of controlling the response is via the LCST of the PP-NIPAAM.  Tests 
at elevated temperature (50 ºC) show a significantly muted response when compared to 
ones at 20 ºC indicating that the polymer has passed the LCST.  The actual boundary 
likely occurs around 30 ºC and can be verified through swelling response tests for each 
film as the actual temperature may vary depending on the polymerization of each film. 
 
The PP-TTIP films were characterized in the same manner as the PP-NIPAAM films with 
moisture cycling between dry and high relative humidity nitrogen.  Very little response 
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was observed (~1 nm) as expected.  Any residual swelling that occurs in the TTIP films 
was likely the result of excess carbon compounds formed from the methyl groups of the 
TTIP precursor polymerizing independently on the surface.  The reaction leading to this 
excess material is described in detail elsewhere.262   
 
The PP-TTIP film was not responsive to stimuli and any response seen in the PP-
NIPAAM/TTIP film came from the PP-NIPAAM component.  This indicates that thickness 
changes of the films are dependent on the type of material used.  Blank substrates of 
bare silicon also show no change in the thickness of the surface when tested under the 
same atmospheric regimes, indicating that the changes seen are occurring in the 
















































Figure 8.7:  Responsive ellipsometry data plots showing on/off of moisture in thickness 
v. time comparing A) PP-NIPAAM, B) PP-TTIP and C) PP-NIPAAM/TTIP. 
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polymer layer.  In this instance a silicon wafer with no coating was placed in the 
ellipsometer and subject to the same atmospheric switching used with the PP-NIPAAM 
films to verify that the thickness changes seen were not the result of moisture 
accumulation on the surface.  Of several plasma polymerized materials tested, PP-
NIPAAM showed the most significant response under these conditions. 
 
While a responsive PP-NIPAAM film is interesting in and of itself, using co-deposition 
techniques where two or more materials are deposited simultaneously in the same 
plasma reaction, it becomes possible to introduce significant modifications to the original 
film.  The introduction of TTIP to the PP-NIPAAM serves as an optical modifying agent, 
providing control over the refractive index of the film.  The co-polymerized film of PP-
NIPAAM/TTIP was subjected to the same moisture testing as the homogenous films.  
The observed response was similar overall to that of the PP-NIPAAM film (Figure 8.6 B).  
Even with the co-polymerization addition of the non-responsive titanium dioxide material, 
the PP-NIPAAM/TTIP showed a response to the humidity (~6% of total film thickness).  
These tests were repeated using much shorter on/off cycle times for the moisture 
exposure and the full range of the expected response was seen in the PP-NIPAAM/TTIP 
films.  Each sample was tested for responsiveness many times and continued to show 
robustness in the response even after some wear from repeated mounting and moisture 
exposure. The transition (swelling) time in which the thickness change occurred was 
approximately between one and two seconds.  More precise transition time 
measurements were limited by the time required between measurements on the 
ellipsometer.  However, other swelling times of CVD polymers from literature indicate a 
swelling timescale of tenths to tens of seconds, depending on the specific film, putting 




To measure the mass of water vapor adsorbed on the surface, a QCM disk was coated 
with PP-NIPAAM and placed in the sealed chamber into which moist air was introduced 
at differing flow rates.  This allowed monitoring of the mass of the water 
absorbing/desorbing from the plasma polymerized film and confirms a rapid 
adsorption/desorption was occurring on the film.  As the relative humidity in the chamber 
was increased, there was a corresponding increase in the absorbed mass of the water 
on the plasma polymerized film.  This measurement verified that water vapor was 
adsorbing to the film as an increases in mass was seen (Figure 8.8). 
 
The moisture adsorption profiles shown indicate that the films rapidly respond to the 
change in moisture levels in the chamber and follow the programmed profile closely.  
Small changes in mass (0.01 µg) were easily detected using QCM.  The films showed 
significant response when exposed to flow rates of high relative humidity nitrogen of 10, 















Figure 8.8:  QCM measured mass of moisture absorbed by PP-NIPAAM 
film at various flow rates. 
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20, 30, 40 and 50 sccm.  The final peak shows a gradual step-down of the moist 
nitrogen flow rate as the system was purged with dry nitrogen and indicates the precise 
control that can be exerted over the amount of water vapor adsorbed by the PP-NIPAAM 
film (Figure 8.8).  Dynamic ellipsometry measurements and QCM experiments 
conducted at an elevated temperature of 50ºC showed a significantly reduced response 
due to the hydrophobic nature of the film seen above LCST.  All samples showed a 
return to previous responsiveness levels when restored to 25°C, indicating a highly 
reversible and robust thermal transition.  This provides another indication of where the 
LCST of the PP-NIPAAM film is and that behavior at temperatures above and below 
differ significantly.  Since there is no phase separation below the LCST, the PP-NIPAAM 
system behaves in a much more miscible manner with the water vapor, allowing the film 
to undergo changes in thickness and adsorb the water onto the surface.   
 
8.3.4 Tailored Refractive Indices 
The refractive index was measured for each film composition at three different angles 
over a large spectral range.  From previous experiments, it was expected that this type 
of material combination would yield a film with a refractive index between the upper and 
lower limits sets by the pure materials.85  The upper limit was around 1.95 for PP-TTIP 
and the lower limit was just below 1.6 for the PP-NIPAAM.  (Figure 8.9).  The PP-
NIPAAM/TTIP co-polymerized films showed a refractive index consistent with a mixture 
of the two starting monomers.  By adjusting the deposition ratios of the monomers, the 
resulting refractive index of the composite film could be varied within the designated 
range.  Several previous demonstrations have evaluated co-polymerization of distinct 
monomers for significant refractive index modification.255,324  The addition of two or more 
monomers, each with a distinctive refractive index, can be used as a method to create 
films with precisely tuned refractive indices set at a desired value.97,325  Additionally, 
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optical stacks have been fabricated which show tunablility using swellable hydrogels 
sandwiched between high index layers which showed a shift in reflectivity upon 
activation.27 
 
The co-polymerization of these two monomers (NIPAAM and TTIP) provides a facile 
method of creating a thin film with a higher refractive index than that of a pure polymer, 
while still retaining some of the moisture responsiveness seen in the pure PP-NIPAAM 
films as the thickness changes.  Such a film could find potential use in many optical 
applications, especially detection and responsive scenarios.  Fabrication of higher index 
layers with PP-TTIP may be possible at higher temperatures as suggested in the 
literature which details the formation of anatase phase titania from a TTIP precursor 
deposited at 300ºC.326 





















Figure 8.9:  Ellipsometry measurements. Refractive index of PP-NIPAAM, PP-





8.3.5 Tunable Refractive Indices 
A small change in the refractive index was also monitored during the moisture exposure 
likely due to the change in thickness and the expansion/collapse of the internal cross-
linked network in the film.  This change was typically on the order 0.01 to 0.1 and is seen 
to be repeatable multiple times in both the PP-NIPAAM and PP-NIPAAM/TTIP films 
(Figure 8.10).  The index change quickly switches between two states, remains stable 
for the duration of the applied conditions and then returns to the initial state.  This type of 
rapid cycling demonstrates the rapid, reversible nature of the changing optical properties 
of the films and how this can be applied in applications where refractive index 
adjustments are of interest.  By composing the film with a specific index of the mixture of 
the two monomers, tunable films could be applied over a wide range of indices. 
 
Similar refractive index changes have been previously monitored in pNIPAAM hydrogel 
systems upon swelling and deswelling indicating that the plasma polymerized films are 
responding as expected when exposed to moisture.312  The RI changes correspond to 
































































 PP-NIPAAM/TTIPA B 
Figure 8.10:  Changing refractive index values through moisture cycling.  A) PP-
NIPAAM and B) PP-NIPAAM/TTIP 
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the thickness changes of the film as measured by spectroscopic ellipsometry and the 
beginning refractive index can be adjusted to various levels by controlling the ratio of 
each monomer in the film.  These refractive index variations are applicable in very 
sensitive applications and systems where this type of refractive index change would be 
truly effective.  Finally, The optical absorption of all three films (PP-NIPAAM, PP-TTIP 
and PP-NIPAAM/TTIP) was noted to be very low, below 0.04 over the visible range for 
each of the materials, making these types of films ideal for application where optical 
transmission is of importance. 
 
8.4 Conclusions 
PP-NIPAAM films were shown to be responsive to humidity variation exposure by 
monitoring the change in thickness as the atmosphere is switched from dry to wet and 
back to dry with a very sharp on/off transition and a close adherence to the exposure 
profile of the moisture.  This effect was preserved in films in which PP-TTIP has been 
added to greatly increase the refractive index while still showing a response to 
environmental stimuli.  The response occurs very rapidly when the relative humidity 
conditions were changed and demonstrated a system that is ideal for responsive 
sensors, actuators and optical adaptation.  The nature of the plasma deposition lends 
itself well to being able to apply this type of mixed, responsive coating onto a variety of 
surfaces for many different applications.  The responsive PP-NIPAAM was able to be co-
deposited with an optically modifying TTIP monomer and sees retention of the rapid and 
switchable response of the film.  This type of switching could be valuable in optical and 
photonic applications requiring high refractive indices while still being able to exhibit a 
response as a sensor.  The film responded with a change in thickness and refractive 
index at very low amounts of moisture, which would allow such a system to be used in 
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highly sensitive optical systems, where precise refractive index control and tunable 
optical properties are desirable. 
 
This study demonstrated a high refractive index thin film system capable of rapid 
switching fabricated by a versatile technique that can be applied to a wide variety of 
surfaces.  The rapid response time of the films was a critical component of the design.  
The design of the materials was a key factor in tailoring the responsiveness of the film to 
meet specific system design requirements.  Future studies focusing on control of the film 
cross-linking have the potential to provide better control and higher degrees of response, 




CHAPTER 9 : General Conclusions and Broader Impact 
 
9.1 General Conclusions 
 
The use of PECVD, and the broader family of CVD soft matter deposition techniques, as 
a method for depositing biological, responsive, functional and unique ultrathin coatings is 
a growing field with many promising applications, especially in functional coatings, 
interfacial structures and sensing technologies.  Many lessons learned from the PECVD 
of organic monomers can be applied to facilitate the deposition of biocompatible and 
biofunctional materials directly on surfaces, providing a direct, dry, one-step modification 
method which can be broadly applied and tailored to specific materials for various 
applications (Figure 9.1). 





While this dissertation explores some of the possible materials for biofunctional coatings, 
specifically ones related to inorganic mineralization, there are many more that remain to 
be studied and fully characterized.  By adapting a variety of modified PECVD techniques 
for use with specialized biological and complex topological coatings, tailored processes 
can be developed to meet specific needs in a variety of novel systems. 
 
Ultrathin robust films of amino acids (PP-Tyr, PP-His) were successfully fabricated by 
PECVD on both smooth and non-uniform surfaces.  These ultrathin amino acid films 
successfully retained their desired functionality.  Mineralization of inorganic 
nanoparticles such as gold and titania directly from solution when exposed to an ionic 
precursor was fully supported by the plasma polymerized films.  Typical mineralized 
nanoparticle sizes ranged from 3 nm at the smallest particles to over a micron for large 
aggregate plates.  This deposition process demonstrates a unique method to polymerize 
amino acids directly onto surfaces for the specific purpose of reducing inorganics directly 
from solution.  Plasma polymerization is a unique process, which expands traditional 
biologically driven mineralization studies to surfaces and systems where they may not be 
easily applied, such as Teflon, covering a range of practical substrates for use in 
engineered systems.  The sublimation technique used with solid monomers has also 
proved to be a very effective method of heating powdered amino acids thus vaporizing 
them directly into the RF plasma stream where they undergo chemical cross-linking and 
form robust plasma polymerized ultrathin films on a target substrate. 
 
The use of the plasma radical initiation addresses both the anchoring of the monomer to 
the substrate and the subsequent growth of the film and does not require the use of a 
surface bound initiator for film adhesion.  For the monomer to adhere to the substrate 
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and growing film surface radicals supporting adhesion must be present and this was 
achieved by exposure of the substrate to the plasma at the outset of the reaction, 
allowing the PP film to build over time.  This approach has advantages over a prepared 
surface initiator which limits the total thicknesses.  Widespread activation of monomers 
by the plasma becomes especially important during co-depositions to facilitate facile 
bonding to the surface and other monomers.  Plasma radicalization overcomes these 
issues allowing the formation of a very smooth and uniform film across the surfaces with 
typical roughness values below 0.5 nm. 
 
Films formed from TTIP (inorganic compound) exhibit a higher surface 
microroughnesses (2-3 nm) depending on specific deposition conditions used.  Key 
evidence supporting chemical changes that indicate cross-linking are seen in FTIR 
spectra, particularly in the 830-870 cm-1 range for the amino acid monomers.  The 
shifting of this peak is related to changes in the NH2 of the amino acid as polymerization 
occurs at this site.  Another indicator of higher cross-linking of PP-Tyr is the refractive 
index which showed higher values around 1.6 for PP-Tyr compared to lower values of 
1.3 and below for spin-cast pTyr films.  Cross-linking density typically is correlated with 
higher indices. 
 
In addition to the various monomers studied here with plasma polymerization, it is shown 
that a wide range of substrates were capable of supporting plasma polymerized films 
including polished silicon wafers, glass, nitrocellulose, PTFE, woven silk, SU-8 micro-
trusses and silica micro particles.  Plasma polymerized amino acids adhere well to these 
surfaces and they also support the mineralization of the gold and titania nanoparticles in 
these cases as well as was verified by XPS.  This is shown in the case of PP-Tyr on 
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PTFE and nitrocellulose where a change in the color of the surface is seen from white to 
red after mineralization. 
 
Modification of the coating’s refractive index was demonstrated through multiple cycles 
of titania particle reduction as well to enhance the refractive index from 1.5 to 1.7.  This 
surface coating nanoparticle reduction method provides a facile approach for tethering 
high index nanoparticles to many surfaces in a controlled, non-destructive process, 
which is beneficial for the modification of delicate surfaces, such as porous polymeric 
structures.  Atomically flat {100} silicon surfaces offer an ideal characterization platform 
for plasma polymerized ultrathin films since they allow facile uniform coatings of the 
plasma polymers.  Ideal surfaces, however, are not always encountered in practical 
applications of coating technologies and it is essential that the plasma coatings perform 
as well on other, more textured surfaces. 
 
Co-polymerization of materials via sublimation PECVD demonstrates the ability to 
combine biological precursors (amino acids) and synthetic molecules into a mixed 
uniform coating of several hundred nanometers thickness in a rapid, facile, solventless, 
one-step procedure.  This co-polymerization method can be used to form biologically-
active and biofunctionalized robust coatings by adding amino acids and short peptides 
for organic and inorganic matrices.  A combination of materials in this fashion could also 
lead to the formation of synthetic short chain peptide surfaces and could eventually be 
used in biofunctional and biocompatible coatings on an array of implantable devices. 
 
Specifically, L-tyrosine was co-polymerized with other synthetic organic and inorganic 
monomers via PECVD to form stable and robust partially cross-linked nanocomposite 
coatings with a fine morphology formed by microphase-separated individual 
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components, which to great extent preserve their individual chemical composition and 
morphological features.  The amino acid used in this study can serve as a proxy for 
other biological molecules (tri-peptides) which can potentially be co-polymerized in a 
similar fashion with other polymers and inorganic materials to produce robust films with 
desired compositions and enhanced surface functionality and compatibility.  Additionally, 
the refractive index of mixed films was easily tuned anywhere between the index of the 
single material films by adjusting the mixing ratios.  Since the plasma polymerization 
fabrication approach can be widely applied to many different surfaces, this technique 
has the potential for designing enhanced biological interfaces. 
 
Co-polymerization of different monomers also demonstrated the ability to impart 
responsive characteristics to high refractive index films capable of adjustable thickness 
and refractive index under controlled humidity.  Under moisture vapor exposure, a 
change in the thickness of the PP-NIPAAM/TTIP film occurred rapidly and reversibly and 
demonstrated a system ideal for rapidly responsive surfaces, actuators and optical 
adaptation.  The PP-NIPAAM films showed approximately a 12% change in thickness.  
The composite refractive index of the mixed film was controlled in a wide range between 
2.0 and 1.6 varying with monomer ratio of each film.  Finally, a humidity responsive 
change in the PP-NIPAAM/TTIP refractive index was observed within a range of about 
0.03.  These transitions were typically measured to occur very fast over time scales of 1-
2 seconds. 
 
The responsive PP-NIPAAM film is able to be co-deposited with an optically modifying 
TTIP monomer and retain the same response seen in the pure PP-NIPAAM film.  This 
type of switching could be valuable in optical and photonic applications requiring defined, 
high refractive indices while still being able to exhibit a fast response.  The films show a 
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change in thickness and refractive index at very low amounts of relative humidity, which 
would allow such a system to be used in highly sensitive optical systems, where precise 
refractive index control and tunability are desirable. 
 
The Janus structures demonstrated a unique approach to micro-scale coatings capable 
of supporting many materials on different substrates that allows the deposition of almost 
any modifying agent on the surface of a microparticle through a dry, one-step PECVD 
process.  Typical fabrication methods of Janus particles utilize wet chemical synthetic 
methods and are performed one-by-one leading to a very limited number of particles 
fabricated.  PECVD surface modification is unique in that it allows many particles to be 
fabricated simultaneously in a single process.  It is much more suitable for large scale 
production and scale up than many single particle fabrication techniques. 
 
Using the plasma deposition technique, a wide variety of material systems were used to 
create Janus particles with a large range of surface chemistries.  The protect and 
release methodology used in conjunction with a rapid PECVD coating has the potential 
to be implemented on a larger scale for manufacturing of these types of multifunctional 
particles and could prove to be a viable method to create 0.1-1.0 g quantities of modified 
particles, something which is still considered a great challenge in microparticle 
manufacturing. 
 
The toposelective modification method also demonstrated that free-standing anisotropic 
or “cap” structures can be reliably fabricated.  Plasma polymerization allowed different 
monomers to be used for this purpose as was demonstrated with pyridine without the 
need for major changes to the fabrication processes.  This method for creating free-
standing structures is of interest since many materials can be made into a free-standing 
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meso-scale structure without the need of any additional supporting chemistries, 
reactions or modifications to the particles.  These shape persistent structures can be 
produced in relatively high numbers through a process that shows scale-up potential and 
coated with a wide range of functional plasma coatings.  Janus particles and caps of this 
variety have the potential to be scaled from 100’s of nanometer diameter particles to 
larger ones above 50 µm diameter.  Such structures benefit a wide range of emerging 
applications such as drug delivery, catalysts, sensors, photonic structures, drug delivery, 
various coatings technologies and micro and nanoelectronics and more uses are 
expected as these structures are more fully developed.  Many structures in nature utilize 
highly featured meso-scale particles and indeed, cells are a prime example of 
compartmentalized systems.  Plasma coating of microspheres is one method to mimic 
these highly unique structures for advanced applications.  
 
Overall, the investigation of plasma polymerized amino acids showed remarkable 
promise as a means to coat, pattern and functionalize surfaces to support mineralization 
on a broad range of substrates.  Complex co-polymerizations carried out have been 
proven to be a robust method of forming mixed monomer surfaces with biofunctional 
components.  Further investigation of these types of dual coatings may lead to 
significant impact in the fields of biocompatible coatings, functionality, selective sensing 
and responsive applications.  Plasma polymer coatings on micro particles represent an 
entirely new synthesis method open to further investigation to elucidate new potential 





9.2 Significance, Broader Impact and Future Directions 
Our study suggests that PECVD holds an advantage as a synthesis and coating 
technique over many traditional wet chemical methods in several areas.  PECVD is dry, 
meaning no solvents are needed and can potentially be used as a green manufacturing 
process in the future without excess chemical waste.  PECVD also eliminates the need 
for complex chemical synthesis procedures for attaching polymers to surfaces, leading 
to simpler, cheaper coatings.  Polymerization reactions are controlled by the plasma 
conditions allowing almost any functionalized monomer to be polymerized via this 
method.  Due to the non-selective nature of the plasma, the monomer can be coated on 
to any substrate in the plasma chamber producing an infinite combination of monomer-
substrate systems, which may be otherwise difficult to fabricate on a large, single 
process scale. 
 
The advent of a broadly applicable deposition method compatible with biological 
monomers, including amino acids and peptides, which can be applied uniformly on many 
different substrates has potential use as conformal coatings for biomedical devices and 
implants as well as the direct coating of specific biological materials on a surface.  The 
deposition of biological materials provides a unique opportunity to expand the application 
of PECVD to these specific types of materials.  The ability of these types of films to be 
used as implant coatings, biosensors, surface enhancement agents and biocompatibility 
facilitating agents are some of the potential engineering applications of this coating 
technology.  Plasma polymerized biomaterials address issues of surface compatibility 
and substrate adhesion while allowing direct modification of surfaces with no pre- or 
post-deposition treatments, a major advantage of plasma polymerization in future 
applications.  Biocompatible implant coatings can be easily and robustly deposited on 
medical devices to facilitate integration into the body as well as promote cellular 
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attachment and growth by using compatible surface chemistries and even depositing key 
peptides such as RGD.  The use of amino acids as plasma polymerizable monomers 
highlights the continued need for PECVD studies with extended peptide sequences as 
well as an in-depth investigation of in situ shorter oligopeptide formation from several 
single amino acid monomers. 
 
Co-polymerization PECVD, as a method of reacting multiple monomers (biological and 
synthetic), has the potential to be the subject of many future developments to fully 
determine the extent to which mixed films can improve surface characteristics.  Co-
polymerization is expected to help facilitate integration of inorganic systems with host 
bodies in the form of compatible coatings for implants, bio-active surfaces and materials 
which supporting the facile integration between two dissimilar systems.  This type of 
synthesis may also facilitate the direct formation of simple peptide sequences on a 
surface, which addresses issues in both synthesis and attachment of various peptide 
chemistries to a substrate in a one step process.  The co-polymerization synthesis 
method could be further adapted to other material combinations to create tailored 
biofunctional films for various interface applications, especially since the chemistries of 
the original monomers remain largely intact.   
 
Future experiments with these material systems should focus on further characterization 
of the cross-linking and internal structure of films by techniques such as X-ray and 
neutron reflectivity.  An in-depth understanding of the structure of the film would allow 
better control in the design and fabrication process.  Additional compositional studies by 
NMR, especially in the case of co-polymerized films, would help to more accurately 
determine the nature of the co-polymerization and determine if truly random mixing 




Further testing of plasma polymerized amino acids and peptides can be done to 
evaluate cell adhesion and growth.  These surfaces can be fabricated through two 
different approaches.  The first is a direct sublimation deposition of a pre-fabricated 
peptide sequence used as the monomer.  Assuming the monomers are stable under 
heating and easily vaporizable, they are expected to plasma polymerize as well, as has 
been observed in several initial trials.  The second method involves the simultaneous 
deposition of three or four different amino acid, allowing them to mix and form a “plasma 
peptide” on their own as they are deposited.  This is advantageous since peptide 
sequences that may be difficult or expensive to synthesize in large quantities, could be 
approximated on a surface through this method.  Both routes offer plausible methods of 
surface modification and warrant further investigation.  These types of films could 
potentially be applied to implant coatings, to enhance the facile integration into a host’s 
body since the coatings can be easily applied to device surfaces for facile chemical 
modification in a one step process allowing for rapid modification. 
 
Fabrication of a larger number of coated particles and free-standing structures must be 
demonstrated for plasma coated anisotropic particles to become a viable engineering 
manufacturing approach.  The ability to rapidly modify many micron-sized particles with 
almost any chemistry in a single process is a significant manufacturing advantage.  The 
process can be further streamlined by using sacrificial protecting layers, which are easier 
to work with.  A material that is capable of being removed in a dry or single rinse state, 
such as one that easily breaks down under exposure to UV light or is water soluble 
might provide an alternate path to reduced post processing of these types of systems 
and become more environmentally friendly.  Further studies are also needed to 
investigate more fully the potential of the free-standing half shells that are demonstrated 
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to ascertain their responsive nature, shape control ability and large scale manufacturing 
potential. 
 
The use of PECVD in biological material and anisotropic coatings are emerging fields.  
There is tremendous potential for deposition of many different biological materials 
directly onto surfaces using a process free from any solution exposure and substrate 
adhesion difficulties.  The challenges present in this type of study require 
interdisciplinary knowledge between materials science, bioengineering and plasma 
coatings to appropriately determine not only how to deposit unique materials, but how to 
guide the motivation behind which materials are of the most pressing importance to fully 
investigate.  Further studies must be undertaken to fully characterize the structure of 
these films as well as in-depth studies investigating all amino acid and short peptide 
sequences.  Detailed analysis of the nature of the bonding between multiple amino acids 
and the resulting peptide formation is also essential to understanding the limitations 
faced in future applications. 
 
Complex ultrathin plasma polymer films represent an area of material science with an 
immense amount of potential growth, especially in biomedical, responsive photonic and 
functional surface applications.  By depositing a wide range of highly functional, robust 
materials via PECVD on many different substrates, engineered ultrathin films can be 
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